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Grant  #:  N000149710359 

PRINCIPAL  INVESTIGATOR:  Dr.  Richard  E.  Riman 
INSTITUTION:  Rutgers  University 

GRANT  TITLE:  Advanced  Characterization  of  Photonic  Materials  for 
Volumetric  3-D  Displays 

AWARD  PERIOD:  3/10/97  -  5/28/98 

OBJECTIVE:  Build  a  spectrometer  that  can  measure  various  types  of 
luminescence  at  a  spectrum  of  infrared  and  visible  wavelengths. 

APPROACH:  Six  configurations  were  evaluated  in  three  areas:  I.  Ability 
to  accommodate  solids  (monolithic  and  particulates) ,  liquids,  and 
suspensions.  II.  Capability  of  measuring  luminescence  (single  and  two 
stage),  e-folding  times,  and  quantum  efficiencies.  III.  Flexibility  in 
excitation  (IR)  and  detection  wavelengths  (VIS  and  IR) .  Performance  was 
optimized  to  meet  our  cost  goals.  Only  one  instrumentation  configuration 
could  meet  that  goal . 

ACCOMPLISHMENTS :  We  have  designed  and  implemented  an  optical 
characterization  lab,  which  we  feel  provides  us  with  the  best 
performance  and  highest  flexibility  possible.  The  system  that  we  have 
pieced  together  incorporates  an  optical  characterization  setup  with 
previously  unattainable  capabilities.  The  system  is  capable  of 
fluorescence,  lifetime,  and  quantum  efficiency  measurements  for  one-step 
and  two-step,  two-frequency  upconversion  studies.  We  have  the  capability 
of  characterizing  solids,  powders,  and  liquids. 

The  use  of  two  laser  diode  head  units  allows  for  optical  pumping  of 
samples  with  two  different  wavelengths  of  light.  Diodes  of  any 
wavelength  can  be  installed  in  either  unit  to  provide  us  with  lasing  at 
any  wavelength  a  diode  exists.  Currently  we  have  five  different  diodes 
(810,  855,  980,  1014,  1120  nm)  which  allows  for  upconversion  of  the 
rare-earth  ions  (namely,  Er,  Tm,  Pr,  Yb)  of  interest. 

Our  system  is  fully  integrated  into  a  software  package  which  allows  for 
computer  controlled  data  sampling.  Data  can  be  obtained,  manipulated, 
examined,  and  saved  simultaneously.  This  allows  for  an  large  amount  of 
experiments  in  a  short  time.  The  computer  also  allows  for  monitoring  of 
the  system  to  pinpoint  any  problems.  Calibrated  light  sources  allow 
constant  monitoring  of  equipment  performance. 


CONCLUSIONS:  Current  optical  spectroscopy  hardware  can  be  implemented 
very  cost-effectively  to  meet  a  broad  range  of  performance  requirements 
that  was  not  possible  just  a  few  years  ago. 

SIGNIFICANCE:  We  have  a  state  of  the  art  spectrometer  that  can  evaluate 
luminescent  materials  useful  for  flat  panel  and  volumetric  displays.  It 
is  also  practical  in  characterizing  materials  for  optical 
communications . 

PATENT  INFORMATION:  None. 

AWARD  INFORMATION :  Our  new  capability  in  luminescent  spectroscopy  has 
successfully  led  to  a  research  program  funded  by  Dupont  de  Nemours, 
Inc..  The  work  will  begin  this  July. 
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HigWy  Efficient  Optical  Amplification 
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phone:  (908)  445-4946,  fax:  (908)  44S-6264 

There  exists  a  tremendous  growth  in  photonic  materials  and  device  research  as  a  result  of 
both  the  explosion  in  telecommunications  as  well  as  the  expected  traffic  requirern^ents  ne^ed  tor 
interactive  video  and  multimedia  services.  Economic  perceptions  regarding  aU-optical 
transmission  systems  were  not  nearly  as  favorable  until  the  erbium  doped  fiber  amplifier  (EOF A) 
became  a  practical  device  to  provide  efficient,  low-noise,  broad-band  gam  for  the  1.5.  pm 
minimum-loss  window.^  The  result  is  a  global  optical-amplifier  market  expect^  to  be  worth 
nearly  $  1 .2  biHion/year  by  2004.2  despite  the  fact  that  EDFAs  are  not  appropnate  for  ojwration  at 
the  1.3  pm  xero-dispersion  window  that  dominates  existing  fiber  communications.  For  these 
reasons,  there  exists  an  international  search  for  materials  suitable  for  1.3  pm  optical  amplification. 

These  optical  amplifiers  utilize  Pr’"  or  Dy^-  dopants  to  luminescence,  and  provide  gain,^  '* 
at  1.3  urn.  Praseodymium  (Pfi^  has  been  the  more  aggressively  studied  and  has  reached  some 
level  of  commercialization*  despite  the  low  quantum  yield  from  current  hosts.  Dysprosium  (Dy  ) 
more  recently  has  attracted  interest  since  its  absorption  cross-section  is  significantly  larger  then 
Pr*-^  and  would  greatly  lessen  the  requisite  amplifier  length.  Radiative  transitions  between  rare- 
earth  excited  states  are  more  efficient  when  host  phonon  energies  are  minimized.  Toward  this  end. 
we  considered  the  synthesis  of  doped-lanthanum  halides,  Material  advantages  with  respect  vo 
silicate  and  chalcogenide  hosts  arc  reduced  phonon  energies  (c.g..  ftoSi02  =  UOO  c™'*  “ 

350  cm‘‘,  hoLaFa  =  350  cm  ',  ftoLaCl,  *  260  cm’'),  and  very  high  solubilities  for  rare-earth 
dopants.  The  latter  advantage  allows  for  large  sensitizing  concentrations  while  matntwrang  an 
optimum  luminescent  dopant  concentration.  Further,  a  sol-gel  approach  to  synthesis  allows  tor 
greater  ease  and  flexibility  than  achievable  by  conventional  crystal-growing,  or  melt-quench  (tor 

glasses)  techniques. 

This  work  describes  the  synthesis  and  luminescent  properties  of  Pr*-^  and  Dy’*  doped 
lanthanum  halide  powders  by  a  sol-gel  approach  coupled  with  reactive  atmosphere  proc^smg. 
Luminescence  spectra  and  fluorescence  lifetimes  for  the  respective  1,3  pm  transitions  oft  ese 
dopants  are  given  and  discussed  in  reference  to  melt-derived,  single-crystal  analogs 

Experimental  PROCEDURE  . 

The  synthesis  of  the  lanthanum  halides  was  accomplished  by  a  two-step  proMss.  hirst. 

LaClveHjO  was  dissolved  in  triply-dcionized  (DDD)  water.  Doped  samples  were  by 

the  addition  of  PrClj-eHjO  or  DyClj-fiH^O  to  the  aqueous  LaClj  solution.  Excess  >^9^  was 
added  to  precipitate  La(OH)3  out  of  solution,  These  samples  subsequently  were  wasned  m  DDD 


06/29/1999  16:29  864-656-1453  CERAMIC  ENGINEERING  PAGE  08 

TuA3.2/69 

water  to  remove  the  ammonium  chloride  reaction  by-product,  and  dried  at  90  *C  for  24  hours. 
Secondly,  the  samples  were  transferred  to  an  alumina  muffle-tube  furnace  for  reactive  atmosphere 
processing.  The  sealed  furnace  was  purged  with  nitrogen  gas  (liquid  nitrogen  source)  and  heated 
to  temperature  at  10  *C/tnin,  Anhydrous  hydrogen  fluoride  or  hydrogen  cWoride  (both  99.9  % 
pure)  was  subsequently  introduced  into  the  nitrogen  flow  providing  conversion  of  the  lanthanum 
hydroxide  to  the  respective  lanthanum  halide  (~  500  em’/min  HF  or  HCl,  -  500  cm’/irrin  Nj). 
Reactive  atmosphere  processing  lasted  1  hour,  at  which  point  the  reactive  gas  was  turned  off  and 
the  furnace  cooled  to  room  temperature  under  flowing  nitrogen.  X-ray  diffraction  analysis  was 
performed  using  Ni-fiitercd  Cul^  radiation,  Fluorescence  measurements  utilized  a  tunable  Ti- 
sapphire  laser  excited  by  an  argon-ion  laser,  which  was  chopped  at  40  Hz.  Luminescence  spectra 
were  measured  with  an  InGaAs  detector. 

ItESULTS 

Sol-gcl-derivcd  and  Dy^'^-doped  LfiF3  and  LaCl3  were  produced  successfully  by  a 
reactive  atmosphere  treatments  of  hydroxide  powders.  X-ray  diffraction  standards*  were  used  to 


Figure  1.  NeriMAliaed  fluorescence  spectre  for  sol-gel-derived  LeFj  doped  with  750  ppn*  (left)  end 
LaCI}  doped  with  SOO  ppn*  Pr^  (right)*  Eicitetion  for  both  occured  nt  1.017  poi  using  e  Ai^-punped, 
TltAljOj  leecr. 

Fluorescence  at  1.3  from  a  750  ppm  Pr’^^-doped  LaF3  sample  is  presented  in  Figure  1. 
The  3  dB  bandwidth  is  approximately  100  nm  (1280  nm  1380  nm)  with  peak  asymmetry 
attributed  to  crystal-field  effects.  The  lifetime  for  this  emission  was  0.23  milliseconds  (Table  1). 
Figure  1  also  shows  the  fluorescent  emission  at  1.3  pm  from  a  500  ppm  Pr’^^-doped  LaClj  sample. 
The  effects  of  crystal-field  symmetry  clearly  are  evident  with  a  maximum  peak  intensity  occurring 
at  about  1315  nm.  The  emission,  although  spectrally  uneven,  is  broad-band  ranging  from  1290 
nm  to  1400  nm.  Lifetimes  for  the  chlorinated  samples  (Table  1)  were  on  the  order  of  1 
millisecond  with  a  slight  increase  if  chlorination  occurred  at  a  higher  temperature. 

Luminescence  from  the  (*H9/2,*Fij,'i)  ’’Hu/j  transition  of  Dy*;^:LaCl3  (500  ppm)  is 
shown  in  Figure  2.  A  45  nm  (1295  nm  ->  1345  nm)  3  dB  bandwidth  is  observed  with  a 
characteristic  three-peak  spectral  feature.’  Radiative  lifetimes  for  the  500  ppm  samples  were 
greater  then  1 . 1  msec,  again  increasing  vwth  increased  processing  temperature. 
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Figure  3«  Normiillzed  fluorcsceiirc  spcctm  for  sol-gcl-dcHvcd  LaCIj  doped  with  500  ppm  ExcitAtion  nt 
010  nm  uflSng  a  Ar^*pumped|  Ti;Al203  laser. 


Determination  of  Radiative  Quantum  Efficiencies 

The  radiative  quantum  efficiency  from  the  ‘G4  ievet  of  :  LaFs  may  be  determined  by 
comparing  the  0.23  msec  measured  lifetime  (750  ppm  ;  LaF3  via  sol-gel)  to  that  calculated  by 
Weber*  following  Judd-Ofelt  analysis  of  Pf3+-doped  LaF3  single  crystals.  In  this  case,  the  quantum 


efficiency  is 


0.23 

3.11 


8%  where  the  0.23  msec  )  is  the  measured  lifetime  of  the 


1.3  {im  emission  from  the  HF600  sample  and  the  3,11  msec  theoretical  lifetime  (r^)  is  the 
reciprocal  of  the  ZA(>G4,  Jj)  value  given  by  Weber}  This  is  approximately  one-half  the  theoretical 
efficiency  calculated  from  tabulated  spontaneous  emission  probabilities  and  multiphonon  emission 
rates.  Absorbed  OH"  is  known  to  quench  the  ‘G4  lifetime  °  therefore  it  is  likely  that  this  accounts 
for  the  less-than-theoretical  quantum  efficiency  value  as  samples  had  not  been  isolated  from  the 
atmosph^e. 


The  260  cm*^  phonon  energy  of  LaClj  infers  an  extremely  low  nonradiative  relaxation  rate 
and,  hence,  a  potential  radiative  quantum  efficiency  of  100  %  from  the  ‘O4  level.  The  lifetimes 


measured  for  this  host  correspond  to  an  efficiency  of  t|  = 


*^0 


1.06 

1.466 


=  72%  .  The  1 .466  msec 


theoretical  lifetime  was  calculated  from  the  electric  and  magnetic  dipole  radiative  rated  following 
Judd-Ofelt  analysis  on  Bridgeraan-Stockbarger  grown  Pr^^iLaCb  single  crystals. 


The  spectroscopic  properties  of  the  sol-gel-derived,  Dy-doped  LaCl3  samples  with  respect 
to  melt-grown,  angle  crystals’°arc  in  very  close  agreement.  Kadiativc  lifetimes  for  the  Bridgcman* 
grown  samples  of  Ref  10  are  on  the  order  of  1.19  msec  at  room  temperature,  corresponding  to  a 
quantum  efficiency  of  68  In  comparison,  the  HF400  samples  exhibited  radiative  lifetimes  of 
1.3  msec  inferring  an  efficiency  near  78  %. 
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■  asured  Lifetime  (msec)  Qua2 

mjMEFFIC 

!®N.CX..{%). . 

750ppmPr:LaFj  HF600^ 

0.23 

. 8 . 

SCOpptnPr.LaCl,  HC1200 

0.97 

66 

SOOppmPrUCh  HCMOO 

1.06 

72 

500ppmDy:UCi3HCl200 

1.11 

68 

Wi’HI  1  J,  ilAi 

78 

iinhydrous  HF  g&s  at  600  ®C.  All  treatments  .lasted  for  1  hour. 


Conclusion 

Ffighly  efficient  luminescence  at  1 .3  nm  has  been  observed  for  the  first  time  from  sol-gel- 
denved  materials.  Comparison  of  these  hosts  to  doped  single  crystals  indicates  equivalent 
spectroscopic  performance.  The  versatility,  ease,  and  low^cost  Of  this  sol -gel  process  represents  a 
significant  advance  in  1.3  |im  fluorescent  materials  for  both  optical  fiber  amplifiers  and  tWn-film 
amplifiers  for  planar  integrated  photonics. 
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Abstract 

The  sol-gel  synthesis  of  fluoride  materials  provides  a  viable  and  low-cost  method  for  achieving  planar  and  bulk  devices 
for  integrated  photonic  applications.  This  paper  describes  these  prospects  and  methods  for  the  experimental  development  of 
patterned  and  waveguiding  films.  The  sol-gel  synthesis  from  both  metal-organic  and  inorganic  precursor  systems  is 
discussed  in  relation  to  their  potential  for  passive  and  active  device  applications. 


1.  Introduction 

Hopes  of  bringing  to  the  commercial,  industrial, 
and  military  user,  a  communications  system  with 
larger  information  capacities,  see  for  example  [1],  at 
greater  rates,  serve  as  an  impetus  to  expand  our 
knowledge  on  the  processing  of  photonic  materials. 
Planar  waveguide  geometries  will  play  a  significant 
role  in  future  photonic  devices.  In  an  analogous 
manner  to  their  electronic  counterparts,  integration  of 
optical  circuits  increases  functionality  with  fewer 
components  and  a  reduced  power  consumption.  In 
light  of  these  benefits,  optoelectronic  integration  has 
been  likened  to  the  creation  of  the  transistor  in  terms 
of  its  technological  significance  [2].  Consequently, 
applications  abound  for  both  active  (e.g.,  optical 
amplifiers,  see  for  example  [3],  and  novel  laser 
glasses  [4])  and  passive  devices  (e.g..  polarization 
converters  [5],  scintillators  [6].  optical  sensors  [7], 
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integrated  couplers/splitters  [8]  and  optical  isolaton 
[9]).  As  such,  the  photonic  device  market  is  projected 
to  grow  from  the  current  multimillion  dollar-per-yev 
industry  into  one  valued  at  several  billion  dollars  per 
year  by  2010  [10].  Overcoming  the  current  tecli^ 
logical  barrier  of  materials  processing  costs,  vis  k  vis 
those  for  electronics  '  would  represent  an  addidonal 
major  advantage  for  photonic  devices.  Such  devices 
have  largely  been  based  on  oxide  crystals  (e,g,, 
LiNbOj  and  LiTaOj)  and  III-V  semiconductois 
(e.g.,  GaAs  and  Al  ^Gai.  ^As).  In  both  cases,  advan* 
tages  gained  by  an  application-specific  material 
property  have  not  sufficiently  out-weighed  device 
costs.  The  manifestation  of  this,  often  combined  with 
difficulties  in  crystal  growth  and  integration,  has 
inspired  investigators  to  continue  to  search  for  more 
suitable  materials  [12]. 


'  It  is  interesting  to  note  that  in  the  case  of  optical  fibcn  for 
local  area  networks  (LANS),  the  cost  per  drop  for  fiber  now  b 
less  than  the  cost  per  drop  for  coaxial  cable.  See  Ref.  [11]. 
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This  paper  conceptually  and  experimentally  ex¬ 
plores  the  potential  of  fluoride  glasses  for  use  in  the 
field  of  planar  integrated  photonics.  We  begin  by 
comparing  the  properties  of  fluorides  with  materials 
currently  utilized  for  such  applications  and  show  the 
fluorides  to  be  attractive  alternatives  in  terms  of 
meeting  the  challenge  of  cost  competitiveness  and 
retaining  the  requisite  properties.  The  current  status 
of  thin-film  fluoride  materials  (amorphous  and  crys¬ 
talline)  is  discussed  with  particular  attention  paid  to 
the  viable  role  sol-gel  processing  would  play  in 
planar  device  synthesis.  We  conclude  by  suggesting 
some  novel  directions  and  classes  of  planar  devices 
that  benefit  from  both  the  unique  properties  of  fluo¬ 
ride  glasses  and  those  imparted  by  sol-gel  ap¬ 
proaches. 


2.  Photonic  material  considerations  and  compar¬ 
isons 

Several  propenies  of  interest  for  planar  integrated 
optic  devices  are  compared  in  Table  I  for  fluoride 
and  silica  glasses,  gallium  arsenide,  and  lithium  nio- 
bate.  The  latter  three  materials  have  received  the 
most  attention  for  photonic  applications,  yet  fluo¬ 
rides  possess  some  attractive  features  that' warrant 
further  consideration.  Several  such  aspects  deserving 
special  recognition  are  illustrated. 

2.1.  Index  of  refraction 

Lithium  niobate  [13],  as  well  as  compositions  in 
the  gallium  arsenide /aluminum  arsenide  family,  have 
large  indices  of  refraction  [14].  In  contrast,  fluoride 
materials  are  well  known  for  their  relatively  low 
indices  and  optical  dispersions  [15].  Devices  inte¬ 
grated  with  materials  whose  indices  are  much  greater 
than  the  silica  fibers  invariably  providing  the  optical 
input,  incur  large  power  losses  due  to  Fresnel  reflec¬ 
tions  at  an  interface.  A  gallium  arsenide/silica  inter¬ 
face  produces  a  177f  reflection  per  surface,  whereas 
a  fluoride/silica  boundaiy'  provides  a  0.047f  reflec¬ 
tive  loss  per  surface.  These  losses  are  technologically 
significant  since  power  lost  by  reflection  subse¬ 
quently  must  be  overcome  by  signal  amplification. 
Utilization  of  fluoride  films  would  minimize  the 


requisite  degree  of  amplification  with  respect  to  the 
III-V  semiconductors  or  oxide  crystals. 

2.2.  Attenuation  and  luminescence 

The  weak  bonding  and  greater  reduced  mass  of 
the  fluorine-cation  complex,  with  respect  to  the  sili¬ 
con-oxygen  system,  leads  to  decreased  intrinsic 
phonon  scattering,  and  an  infrared  transmittance  to 
longer  wavelengths  [16].  Theoretically,  this  reduced 
scattering  and  infrared  transmittance  results  in  a 
hundred-fold  increase  in  maximum  transparency  with 
respect  to  silicate  glasses.  Although  fluoride  glasses 
have  yet  to  exhibit  losses  approaching  the  theoretical 
limit  (~  10“^  dB/km,  or  0.023%  power  loss  in  1 
km),  current  attenuations  remain  orders-of-magni- 
tude  below  the  oxide  crystals  and  III-V  semiconduc¬ 
tors  [17].  We  note  that  the  need  to  achieve  near-theo¬ 
retical  transparency  is  far  less  crucial  in  integrated 
photonic  systems,  than  in  long-haul  cables,  since 
typical  planar  waveguide  path-lengths  are  on  the 
order  of  centimeters. 

The  reduced  phonon  energy,  brought  about  by  the 
weaker  bonding  and  greater  reduced  mass  in  fluoride 
systems,  also  provides  active  dopants  with  longer 
excited-state  lifetimes  and.  consequently,  lumines¬ 
cence  at  wavelengths  not  attainable  from  most  other 
hosts,  including  the  silicates.  For  this  reason,  fluo¬ 
ride  glasses  are  receiving  a  great  deal  of  attention  for 
1.3  pm  optical  amplifiers,  highly  efficient  solid  state 
lasers  and  upconversion  sources  [3].  In  comparison, 
lithium  niobate  may  also  be  doped  to  achieve  radia¬ 
tive  emissions,  however  its  structure  imparts  a  biax¬ 
ial  optical  indicatrix  which  causes  sharp  and  polar¬ 
ized  absorption  and  fluorescence  features  from  the 
active  species  [17].  Gallium  arsenide  is  a  direct 
bandgap  semiconductor  which  may  be  electrically- 
excited  into  the  generation  of  light  [18].  Emissions 
are  tunable  over  the  fiber  optic  telecommunications 
windows  by  aluminum  arsenide  and  indium  phos¬ 
phide  modifications  to  the  nominal  composition  [19]. 
Extended  clarity  into  the  infrared  generally  is  cou¬ 
pled  with  an  electronic  edge  shift  towards  the  visible 
which  could  pose  a  disadvantage  if  considerable 
absorption  occurs  at  a  pump  wavelength.  This  is 
rarely  an  issue  in  excitations  of  dopants  in  fluoride 
hosts,  but  may  be  problematic  in  chalcogenide  glasses 
or  integrated  gallium  arsenide  components. 
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2.3.  Planar  waveguide  criteria 

The  waveguide  structures  of  photonic  circuits  of¬ 
ten  are  asymmetric,  i.e.,  the  two  materials  cladding 
the  light-guiding  core  are  of  differing  refractive  in¬ 
dices.  This  inequality  in  clad  index  allows  for  a 
condition  in  which  an  absolute  cut-off  exists  for 
propagation  modes  [20].  This  cut-off  condition  for 
asymmetric  planar  guides  restricts  the  core  thickness. 
D,  to 

A  1 

D> - , 

4  NA 

where  A  is  the  wavelength  of  the  light  to  be  transmit¬ 
ted  and  NA  is  the  numerical  aperture  of  the  structure. 
Computations  performed  for  the  materials  compared 
in  this  work  are  shown  in  Table  2.  "The  inverse 
proportionality  of  the  critical  film  thickness  with 
numerical  aperture  implies  that  the  greater  the  differ¬ 
ence  in  refractive  index  between  core  and  clad  (i.e., 
the  higher  the  degree  of  optical  confinement),  the 
thinner  the  requisite  film.  Thus,  when  selecting  a 
waveguiding  system,  the  issue  of  film  thickness  may 
lead  to  physical  (and  economical)  constraints  that 
caimot  be  overcome  by  processing  techniques.  For 
instance,  growth  of  a  4  fim  LiNbOj  film  by  MBE  is 
a  formidable  task  while  deposition  of  a  0.7  |xm 
fluoride  film  by  sol-gel  rnethods  may  be  routinely 
achieved.  " 

2.4.  Acousto-optic  (AO)  properties 

Transparent  materials  act  as  optical  phase  gratings 
when  a  sound  wave  passes  through  them.  This  pho¬ 
toelastic  effect,  unlike  the  linear  electro-optic  effect. 

Table  2 


Critical  film  thickness  as  a  function  of  typical  numerical  apertures 
for  various  asymmetric  slab  waveguide  structures  at  two  telecom- 
niunication  windows 


System 

NA 

D  (|xm) 

1.3  M-m 

1.5  pim 

GaAs/AlGaAs 

0.1 

3.25 

3.75 

LiNbO,  /Ti;LiNbO, 

rl 

O 

1.62 

1.87 

ZBLA  on  CaF, 

0.44 

0.74 

0.85 

ZBLA  on  LiF 

0.56 

0.58 

0.67 

^LA  on  MgF, 

0.58 

0.56 

0.64 

is  present  in  all  materials,  therefore  the  a  priori 
spectrum  of  transparent  materials  is  unlimited  [21]. 
Devices  based  on  this  phenomenon  include  optical 
filters  tunable  over  a  much  broader  freque,ncy  range 
than  electro-optic  systems,  optical  deflectors  for  laser 
scanners,  and  optical  modulators  which  require  lower 
drive  powers,  simpler  electronics,  and  have  higher 
safety  factors  than  their  electro-optic  counterparts 
[22].  Despite  a  great  deal  of  materials  research  into 
the  improvement  of  these  devices,  the  AO  properties 
of  fluoride  glasses  have  received  only  limited  atten¬ 
tion  to-date,  with  most  work  quantifying  photoelastic 
coefficients  [23].  We  now  illustrate  the  impact  of 
materials  selection  on  the  important  device-related 
parameters  of  AO  Figure  of  Merit,  acoustic 
impedance,  and  acoustic  attenuation. 

The  most  commonly  compared  figure  of  merit  is 
Af,  which  is  a  proportionality  between  the  applied 
acoustic  wave  intensity  and  corresponding  modifica¬ 
tion  to  the  refractive  index.  The  figure  of  merit  is 
given  by  [21] 


Pt- 

where  n  is  the  refractive  index,  p  is  the  appropriate 
photoelastic  coefficient  (Pockels’  coefficient),  p  is 
the  mass-density,  and  v  is  the  acoustic  velocity  (in 
the  direction  pertinent  to  p).  By  virtue  of  their  low 
acoustic  wave  velocities  and  relatively  high  densi¬ 
ties.  fluoride  glasses  exhibit  acousto-optic  figures  of 
merit  as  much  as  40%  that  of  LiNbOj,  and  twice  that 
of  silica,  which,  to-date,  is  the  most  successful  mate¬ 
rial  used  in  optical  switches,  despite  its  small  magni¬ 
tude  [12].  The  efficacy  of  the  coupling  between  the 
propagating  acoustic  modes  in  the  AO  material  and 
the  surrounding  media  is  related  to  the  acoustic 
impedance  This  occurs  in  a  manner  analogous 
to  the  way  the  Fresnel  reflection  of  an  electromag¬ 
netic  (EM)  wave  at  an  interface  is  mediated  by  the 
EM  impedances.  The  acoustic  impedance  is  the 
product  of  mass  density  and  acoustic  wave  velocity 
[24].  Therefore,  fluorides  possess  acoustic 
impedances  which  may  make  them  well-suited  as 
matching  materials  in  low  applications. 

In  addition  to  the  moderate  FOM  and  low  acous¬ 
tic  impedance,  we  find  the  acoustic  attenuation  to  be. 
perhaps,  the  acoustic  property  by  which  devices 
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Utilizing  fluoride  materials  gain  the  most  benefit  [25]. 
The  acoustic  attenuation.  Ol,  measures  the  spatial 
power-loss  rate  of  an  acoustic  wave  travelling  through 
a  solid.  For  a  longitudinal  plane  wave  propagating 
through  a  material,  may  be  calculated  from  the 
Woodruff-Ehrenreich  equation  [26]. 


where,  y  is  the  Gruneisen  constant,  k  is  the  thermal 
conductivity.  T  is  the  absolute  temperature,  p  is  the 
mass-density,  is  longitudinal  wave  velocity,  and 
oj  is  the  angular  frequency  of  the  acoustic  wave.  The 
theoretical  acoustic  attenuation  (dB/cm)  at  1  GHz  is 
calculated  to  be  Ol  =  0.6  dB-Zcm.  This  value  is  only 
slightly  larger  than  the  0.2  dB/cm  theoretical 
Akheiser  attenuation  for  sapphire  [28].  Table  3  quan¬ 
tifies  the  M2  FOMs.  acoustic  impedances,  and 
acoustic  attenuations  for  the  optical  materials  con¬ 
trasted  in  this  work.  We  find  the  fluorides  (in  both 
bulk  and  thin-film  form)  to  possess  unique  properties 
which  should  mark  them  as  materials-  to  receive 
attention  for  acousto-optic  applications. 

2.5.  Thermal  stability 

Fluorides  have  low  thermal  stability,  which  means 
■a  lower  melting,  crystallization,  and  glass  transition 
temperatures  than  observed  with  silicate  glass  form¬ 
ers  [16].  Calorimetric  studies  [31]  indicate  fluoride 
glasses  form  from  highly-coordinated  cation-fluorine 
anion  species  based  on  the  ’confusion'  principle 
rather  than  the  sluggishness  of  the  polymeric  net¬ 
work  as  in  silicate  hosts.  Sol-gel  methods  may 
produce  nanostmctured  materials  that  rapidly  densify 


at  temperatures  which  are  considerably  less  than  T 
(ca.  200°C)  [32].  This  advantage  is  among  the  most 
important  for  thermally  unstable  fluoride  glass  sys¬ 
tems.  Unlike  materials  processed  by  melt-quench 
techniques,  viscous-sintering  promotes  stability  and 
compositional  flexibility  since  the  glass  never  expe¬ 
riences  the  crystallization  temperature.  7,.  Further^ 
such  low  synthesis  temperatures  facilitate  coprocess¬ 
ing  of  fluoride  glasses  with  plastics  (e.g..  polyimide) 
[33].  which  are  finding  increased  use  in  electronic 
devices  and  conformable  coatings.  These  low  fabri¬ 
cation  temperatures  are  also  advantageous  when 
thermal  expansion  mismatches  exist.  Substrates  based 
on  the  GaAs-AlAs  family  have  thermal  expansion 
coefficients  [14]  roughly  one-half  that  of  the  typical 
fluoride  glass.  In  these  cases,  the  low  glass  transition 
temperatures  of  the  fluorides  facilitate  the  relaxation 
of  stresses  induced  by  the  expansion  mismatch.  In 
addition,  with  a  stress-free  film  at  7,,  upon  cooling, 
the  higher  expansion  coefficient  ensures  a  state  of 
compression  in  the  film,  which  imparts  mechanical 
stability.  In  the  case  of  integration  with  LiNbOj, 
thermal  expansion  coefficients  of  approximately  154 
X  10“’  /K  (a  1 1  =  a,, )  [  1 3]  are  well-matched  to  that 
of  the  fluorides  ( ~  160  X  10“’/K)  [15]  which  mini¬ 
mize  stresses  in  the  deposited  films. 

2.6.  Fabrication  methodologies 

Table  4  compares  the  advantages  and  disadvan¬ 
tages  of  the  various  techniques  [34]  associated  with 
the  fabrication  of  gallium  arsenide,  lithium  niobate. 
silica  and  fluoride  glass  films.  Gallium  arsenide  prof¬ 
its  from  a  well-developed  epitaxy,  doping,  masking, 
and  etching  techniques.  The  solid  solution  formed  as 


Table  3 

Comparison  ot  acousto-optic  figure  ot  merit,  acoustic  impedance,  and  acoustic  attenuation  for  gallium  arsenide,  lithium  niobate.  and  silica 
and  fluoride  glasses 


Material 

.Acoustic  velocity 

Pockels'  coefficient 

.V/,  FOM 

Acoustic  impedance 

Acoustic  attenuation 

(m/s) 

(X  lO”''  s'Vkg) 

do'’  kg/smd 

(dB/cm  at  I  GHz) 

v-SiO^ 

5950 

0.270  [30J 

1.51 

13.1 

12.1  [28] 

GaAs 

5150 

0.203  [30] 

104,2 

27.4 

2.7  [28] 

LiNbO, 

6570 

0.284  [30] 

6.95 

30.5 

0.1  [29] 

zbla' 

3952  (15] 

0.251  [24] 

2.74 

18.2 

0.6  •* 

The  appropriate  physical  constants  for  a  ZBLA  glass  [15,27]  are  ( T  =  300  K):  y  =  2,6,  k  =  0.4  W/m  •  K,  p  =  4610  kg/m*.  =  3952 
m/s. 
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Al  is  substituted  for  Ga  is  well  characterized,  pro¬ 
vides  good  lattice  matching,  and  allows  for  index 
modification  to  achieve  a  waveguide  geometry  [14]. 
However,  fabrication  methods  offer  verv  slow  growth 


rates  (10-30  nm/h)  [34]  and.  often,  with  hazardous 
precursors.  Lithium  niobate  waveguides  are  typically 
fabricated  either  by  lone  Ti  diffusion,  or  codiffusion 
of  Ti  and  H  for  Li,  These  techniques  also  are  well 


Table  4 

Comparison  of  techniques  for  planar  waveguide  production 


Deposition  /  growth  pro-  Methodology 


Advantages 


Disadvantages 


Vacuum  deposition  in-  Heat  material  to  T„.  Evaporate  to  Simple.  Good  for  metals  (e.g..  Ag.  Some  metals  too  refractorv'  (e.g.. 
eluding:  Resistive  heating  adhere  on  substrate.  Au.  and  Al).  Ti)  or  reactive.  Line-of-sieht  and 


and  E-beam 
RF  sputtering 


Chemical  vapor  deposi¬ 
tion  (CVD)  including: 
PECVD  (lowest  temp,  via 
plasma  assisted  deposi¬ 
tion),  LPCVD  (low  pres¬ 
sure).  and  MOeVD 
(meial-organic  precur¬ 
sors). 


Epitaxial  growth  includ- 
Kr  LPE  (liquid  phase). 
>  PE  (vapor  phase),  and 
MBE  (molecular  beam). 


Diffusion,  including: 
and  out-diffusion 


Ion  exchange 


Proton  exchange 


Ion  implantation 


Substrate  (anode)  close  to  target 
Ar*"  plasma  sputters  atoms  from 
target  to  substrate. 


Hot  gas  mixture  passed  over  sub¬ 
strate  so  film -of  correct  composi¬ 
tion  gradually  deposited  following 
reaction  near  surface. 


Use  subslrate  atomic  lattice  as 
template  for  cry  stal  lattice  of  film. 
Homoepitaxy:  Subsu-ate  arid  layer 
saine.  Heteroepitaxy:  Different 
materials. 


Substrate  in  contact  with  dopant. 
Elevated  temp.,  dopant  migrates 
into  lattice. 


Substrate  in  liquid.  Two  species 
codiffuse. 


Replace  Li*  with  H*  from  ben¬ 
zoic  acid  melt  (mainly  for 
LiNbO,). 

Ions  extracted  electrostatically 
from  melt,  collimated  into  a  beam. 


Conformal  coating  on  metals  and 
dielectrics.  Can  coat  nonplanar 
substrates.  Inert  argon  atoms  pro¬ 
duce  no  added  reactions,” 

Very  versatile,  can  produce  refrac¬ 
tive  index  changes  for  planar  silica 
waveguides  by  altering  gas  flow- 
rates  thus  changing  composition. 


Al  on  GaAs  good  since 

lattice  parameters  almost  indepen¬ 
dent  of  X.  VPE  very  good.  MBE 
low  temp.,  virtually  no  diffusion. 


We  1 1 -developed  for  Ti  metal  into 
LiNbOv  Circular  cross-sections 
with  Gaussian  profile  allows  good 
coupling  to  optical  fibers. 

Lower  temp,  than  diffusion.  Elec¬ 
tric  field  increases  rate,  provides 
uniform,  deep  profiles. 


Near-step  index  geometry. 


Ti)  or  reactive.  Line-of-sight.  and 
high  vacuum 

More  complicated  apparatus. 
Long  time  to  deposit  thick  layers 
since  sputtering  may  be  slow 
(  ^  0.01  fim/min  for  glassy  ma¬ 
terials). 

Difficult  to  ensure  uniformity 
(thickness  and  stoichiometry) 
since  temp.,  comp.,  concentra¬ 
tion,  and  gas  velocity  can  vary 
along  Tength,  Precursor  gases  are 
hazardous. 


LPE  difficult  to  maintain  compo¬ 
sition.  High  temp.,  diffusion 
smoothens  interface.  VPE  haz¬ 
ardous  precursors.  MBE  slow 
growth  rates:  0.1-1  p.m/h  (0,1 
nominal). 

Generally  long  times  at  elevated 
temp.  Crystal  orientation  strongly 
influences  properties  in  diffused 
region. 

Only  relatively  small  changes  in 
propenies  ( An  --  0.1 ).  Low  temp, 
since  thermally  anneal-out  pro¬ 
file. 

Crystal  structure  inhibits 
isotropy,  hence  polarization  sen- 


ion  distribution  well  controllable  High  vacuum,  expensive  equip- 
and  defined.  meni.  Thermal  annealing  neces- 


Sol-sei 


Solution-based  method  to  3D  net-* 
work  by  molecular  polymerization 
i)r  agglomeration  of  colloidal  pani¬ 
cles. 


Wide  range  of  materials.  Planar  Production  of  non-oxide  materi- 
geomeiries  more  compatible  with  als  not  well  established.  In  case 
surface  modification  techniques,  where  existing,  reactive  gases 
High  purity  and  homogeneity.  general  I  v  hazardous. 
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developed  and  may  provide  for  complicated  struc¬ 
tures  [35].  However,  the  crystal  anisotropy  strongly 
influences  the  optical  and  electronic  propenies  of  the 
diffused  region,  and  only  relatively  small  changes  in 
index  are  achievable  [36].  This,  as  well  as  difficulties 
in  growth  on.  and  integration  with  semiconductor 
materials,  propels  the  cost  to  almost  prohibitive  lev¬ 
els  [12]. 

Preliminary  efforts  have  been  conducted  into 
thin-film  fluorides  via  electron-beam  depositions  [37], 
vapor  depositions  [38],  PECVD  [39],  and  evaporation 
techniques  [40],  all  with  limited  success.  The  multi- 
component  nature  of  fluorides  causes  difficulty  with 
vapor-transport  methodologies  owing  to  vapor-pres¬ 
sure  differences  between  constituents.  More  recently, 
higher  quality  amorphous  fluoride  thin  films  have 
been  prepared  by  further  efforts  in  thermal  evapora¬ 
tion  [41]  as  well  as  novel  attempts  with  physical 
vapor  deposition  (PVD)  [42]  and  ion  exchange  [43] 
techniques.  The  ZrF,  films  [41]  were  hygroscopic 
and  contained  both  reduced  zirconium  species  and 
oxide  contaminants.  The  latter  most  likely  negates 
any  dopant  luminescence  indicative  of  a  low-phonon 
energy  host  until  oxygen  impurity  concentrations  are 
minimized.  Ruorescent  emissions  characteristic  of 
Er^~  doped  fluoride  glasses,  including  upconver- 
sion.  were  exhibited  by  the  PVD  films  [42],  How¬ 
ever.  the  requirement  of  constituents  with  similar 
vapor  pressures  severely  limits  the  compositional 
range.  The  concept  of  ion  exchange  between  a  bulk  / 
glass  and  molten  salt  has  received  much  attention. 
albeit  mostly  for  silicate  glasses  [44].  In  the  fluoride 
system,  earlier  studies  with  chlorine-fluorine  ex¬ 
change  [45].  as  well  as  the  more  recent  observation 
of  waveguiding  in  ZBLAN  and  BIG  glasses  [43]  via 
Li~  or  K"  for  Na"^  exchange  demonstrate  feasibil¬ 
ity.  Single-crystal  films  of  ZnF2  and  LaFj/SrF, 
have  been  synthesized  via  MBE  [46.47].  The  earlier 
work  [46]  considers  the  observation  of  erbium  up- 
conversion  in  channel  waveguides  which  where  fab¬ 
ricated  by  ion  milling.  The  later  MBE  work  [47] 
discusses  promising  results  on  undoped  LaF,.  Propa¬ 
gation  losses  of  3.7  dB/cm  were  measured  at  633 
nm.  However,  films  thicker  than  approximately  1 
txm  exhibited  cracking. 

Our  work  on  sol-gel  approaches  [32.33.48]  pro¬ 
vides  another  powerful  method  for  thin  film  deposi¬ 
tion.  .Advantages  include  high  purity  (i.e..  precursors 


which  are  easily  purified),  amenability  to  forming 
many  shapes  (e.g.,  films,  coatings,  powders,  fibers, 
monoliths,  gels),  atomic-scale  mixing,  large  compo- 
sitional  flexibility,  and  low-temperature  viscous- 
sintering.  Synthesis  is  a  multistep  process  involving 
a  sol-gel  reaction  and  a  reactive  atmosphere  treat¬ 
ment.  The  first  step  is  the  synthesis  of  a  hydrous 
oxide  containing  the  requisite  cations;  this  is  achieved 
by  hydrolyzing  and  condensing  the  precursor  solu¬ 
tion.  The  second  step  is  a  low-temperature  reactive 
atmosphere  treatment  using  anhydrous  hydrogen  flu¬ 
oride  gas  to  convert  the  hydrous  oxide  to  a  fluoride. 
Subsequent  thermal  processing  at  the  glass  transition 
temperature  viscous-sinters  the  film  [49]. 

3.  Current  status  of  sol-gel*derived  fluorides 

X-ray-amorphous  and  crack-free  ZBLA  (57ZrF4’ 
36BaF2  •  4LaF3  •  3AIF3,  in  raol%)  fluoride  thin  films 
have  been  deposited  on  calcium  fluoride,  polyimide, 
silicon,  gallium  arsenide,  lithium  niobate.  and  sap¬ 
phire  substrates  [33].  Our  more  recent  studies  consid¬ 
ered  the  optical  waveguiding  of  ZBLA  films  on 
single-crystal  calcium  fluoride  substrates.  A  25  p,m 
fluoride  film  was  sandwiched  between  the  substrate 
and  a  second  CaF,  blank  following  fluorination  at 
200°C  for  1  h.  Waveguiding  through  the  25  mm 
path-length  was  observed  following  white-light  illu¬ 
mination  with  a  transmitted-light  microscope.  This 
repressjtsvthe  first  observed  confined  propagation  in 
a  ^-gel-d^ved  planar  fluoride  structure.  Geomet- 
ri(\pattering  ot  similar  films  was  accomplished  by  a 
noveLi^pifLfVOtotyping  method  [50]  which  facilitates 
the  development  of  unique  waveguide  structures  that 
can  be  designed  on  a  computer  terminal  and  pro¬ 
duced  within  hours  of  its  conception. 

The  spectroscopic  properties  of  ZBLA  films,  de¬ 
rived  from  metal-organic  precursors,  was  discussed 
in  our  earlier  work  [33].  Characteristically  low-pho¬ 
non  energy  emissions  from  erbium  were  not  ob¬ 
served  due  to  phonon  quenching.  Remnant  carbona¬ 
ceous  species  from  the  metal-organic  precursors  were 
proposed  as  the  cause  of  this  problem  following  the 
results  of  other  studies  on  the  optical  and  electrical 
properties  of  these  materials  [32,51].  The  inability  to 
generate  characteristic  luminescence  relegates  these 
materials  only  to  passive  applications.  Melting  of 
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these  sol-gel  fluoride  materials  [52]  does  produce 
characteristic  emissions,  however,  the  ability  to  fab¬ 
ricate  thin-films  is  lost.  Sol-ael-derived  fluorides  for 
active  applications  may  be  synthesized  from  metal- 
inorganic  precursors.  Characteristically  low-phonon 
energy  emissions  from  these  materials  was  first  dis¬ 
cussed  by  Dejneka  [51]  investigating  the  properties 
of  Eu^*:  ZrF^  powders  derived  from  an  aqueous 
zirconium  hydroxychloride  solution.  More  recently, 
we  showed  metal-inorganically-derived  Er^'^:  ZrF4 
powders  and  films  [53]  to  exhibit  intrinsic  lumines¬ 
cence. 


4.  Future  directions  and  potential  applications  of 
soi-gel-derived  fluorides 

We  now  consider  novel  planar  photonic  applica¬ 
tions  of  fluorides  based  on  their  unique  material 
properties  as  well  as  those  imparted  by  the  benefits 
of  a  sol-gel  synthesis  approach.  Several  possibilities 
are  discussed  below. 

4.1.  The  planar  fluoride  acousto-optic  (AO)  modula¬ 
tor 

Modulators  are  photonic  components  which  are 
used  to  encode  information  onto  an  optical  beam. 
High  speed  systems  utilize  [12]  the  electro-optic 
effect  in  some  materials  for  this  purpose,  yet  the 
acousto-optic  effect  is  desirable  in  lower  bit-rate 
applications  since  it  requires  lower  drive  powers  and 
simpler  electronics,  and  has  higher  safety  margins 
[22.29].  We  have  shown  the  fluorides  to  possess  AO 
figures  of  merit  making  them  worth  considering  for 
AO  modulators  especially  in  light  of  the  low-cost 
and  ease  of  the  sol-gel  process. 

One  possible  configuration  utilizes  the  ability  of 
sol-gel  to  deposit  films  on  a  variety  of  piezoelectric 
substrates.  The  integration  of  these  materials  is  nec¬ 
essary,  since  a  piezoelectric  substrate  acts  as  a  trans¬ 
ducer  to  generate  the  acoustic  waves  used  to  produce 
the  refractive  index  grating.  The  substrate  selection 
is  based  on  two  main  criteria.  First,  the  substrate 
must  be  stable  against  a  fluorinating  atmosphere. 
Secondly,  consideration  must  be  given  to  the  thermal 
expansion  differences  between  the  substrate  and  the 
thin-film  fluoride.  In  both  cases.  LiNbO,  and  PVDF 


(poly(vinylidene)  difluoride)  satisfy  these  conditions. 
PVDF  is  insensitive  to  the  HF  atmospheres  used  to 
process  the  sol-gel  fluorides.  Furthermore,  its  poly¬ 
meric  nature  lends  pliability  to  a  system  integrated 
with  it.  Lithium  niobate  is  strongly  piezoelectric 
(^-  =  40%)  [54],  stable  in  HF  acid  (etch  rate  is 
~  0.01  nm/min)  [55]  and  its  coefficient  of  thermal 
expansion  matches  the  fluorides.  Layers  of  a  lower- 
index  fluoride  material  may  be  deposited  to  act  as  a 
cladding.  The  low  temperature  synthesis  of  an  fluo¬ 
ride  AO  modulator  allows  for  coprocessing  with  a 
variety  of  substrate  materials.  This  leads  to  greater 
ease  in  fabrication  and  lower  costs. 

4.2.  The  planar  fluoride  Q- switched  laser 

The  acousto-optic  effect  in  fluorides  further  gains 
utility  in  Q-switched  laser  schemes.  In  these  devices, 
the  presence  of  an  acoustic  wave  spoils  the  optical 
resonance  of  the  laser  cavity.  The  excitation  energy 
used  to  pump  the  active  ion  is  stored  in  a  larger- 
than-normal  population  inversion.  Subsequent  re¬ 
moval  of  the  acoustic  disturbance  at  the  peak  inver¬ 
sion  value  reinstates  the  resonance  and  produces  a 
rapid  and  high  intensity  pulse  [56].  This  effect  gener¬ 
ally  is  too  slow  for  signal  modulation  in  most 
telecommunication  systems,  however,  it  does  find 
utility  in  high-energy  pulse  generation  for  lidar,  laser 
range-finding,  cutting/ welding,  and  some  military 
applications. 

Materials  which  possess  large  acousto-optic  fig¬ 
ures  of  merit  are  desirable  as  they  can  diffract  an 
optical  beam  more  efficiently  with  lower  acoustic 
wave  intensities  than  permissible  with  lower  FOM 
materials.  We  believe  the  utilization  of  plapar  fluo¬ 
ride  materials  is  of  interest  from  this  regard  as  well 
as  from  the  point  of  low  acoustic  aaenuation.  In 
addition,  the  fluorides  not  only  enable  efficient 
switching  of  the  laser,  they  also  enable  a  greater 
number  of  laser  emissions. 

4.3.  The  planar  evanescent  field  coupler  /  splitter 

The  fabrication  of  planar  waveguides  also  enables 
the  creation  of  novel  optical  couplers  and  splitters. 
Applications  based  on  this  technology  include  signal 
multiplexers  and  demultiplexers  which  are  efficient 
methods  for  increasing  bandwidth  in  telecommunica- 
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tion  networks  [57].  Two  prefluorinated  strip  guides 
positioned  face-to-face,  with  an  intermediate  sol-gel 
buffer  layer,  may  be  used  to  couple  light  from  one 
core  to  the  other.  Waveguiding  regions  may  be 
doped  with  materials  to  raise  the  refractive  index, 
whereas  the  buffer  regions  would  contain  additions 
which  lower  the  index.  The  small  film  thicknesses 
achievable  with  sol-gel  techniques  would  enhance 
the  coupling  efficiency  and  permit  shorter  device 
lengths.  Planar  fluoride  splitters  may  also  benefit 
from  its  low  phonon  energy.  Zero-loss  splitters  can 
be  fabricated  by  suitable  doping  of  the  waveguide  so 
that  signal  gain  is  used  to  overcome  splitting  and 
propagation  losses. 

4.4.  The  planar  remote  infrared  chemical  sensors 

The  chemical  inertness  of  fluorides  to  many  types 
of  highly  corrosive  environments  (e.g.,  HF,  HCl. . . . ) 
allows  for  the  sensing  of  many  species  which  would 
not  be  possible  with  oxide  hosts.  In  addition,  spec¬ 
troscopy  may  be  performed  on  materials  exhibiting 
absorptions  further  into  the  infrared  than  accessible 
with  silica-based  optics  (e.g.,  CO  at  4.6  |xm,  CO,  at 
4.2  |jLm,  HF  at  1.25  |xm,  HCl  at  3.5  pm,  formal¬ 
dehyde  at  3.3  pm  [58], . . . ).  Waveguide  losses  may 
be  monitored  over  a  spectrally  broad  range  to  ob¬ 
serve  those  energies  absorbed  in  exciting  vibrational 
modes  in  the  particular  molecule  under  investigation. 
Correlation  between  absorption  intensity  and  sensate 
concentration  allows  quantitative  analysis.  Liquids 
and  gaseous  species  may  be  examined. 

4.5.  The  planar  electro-optic  modulator 

The  vitreous  nature  of  fluoride  glasses  precludes 
the  existence  of  linear  electro-optic  properties. 
However,  the  porous  nature  of  sol-gel-derived  mate¬ 
rials  is  well-suited  for  the  incorporation  of  specific 
species  into  the  network.  Nano-sized  powders  with 
active  features  (e.g.,  electro-optic  LiNbO,)  may  be 
colloidally  suspended  into  the  sol.  or  doped  into  the 
open  structure  post  gelation.  In  addition,  the  planar 
geometry  of  the  strip  waveguide  is  ideal  for  subse¬ 
quent  pattering  of  an  external  conductor  since  the 
low  fabrication  temperature  facilitates  coprocessing. 
Modulation  in  the  electric  field  produced  between 
conducting  clad  .layers  and  the  substrate  will  control 


light  propagation  paths  and  permit  signal  manipula- 
tion.  This  composite  material  potentially  allows  for 
the.  beneficial  properties  of  the  active  dopant  in  a 
fluoride  matrix.  New  electro-optic  modulators  and 
filters,  both  having  great  technological  importance, 
may  be  produced  at  low  temperatures  and  at  a 
greatly  reduced  processing  cost. 

5.  Conclusions 

We  have  shown  by  comparison  to  existing  pho¬ 
tonic  materials  that  fluorides  warrant  consideration 
for  use  in  integrated  optic  applications.  Moderfite 
acousto-optic  figures  of  merit,  coupled  with  low 
acoustic  impedances  and  attenuations  mark  the  fluo¬ 
rides  as  materials  to  receive  attention  for  acoustic 
applications.  Such  AO  devices  may  represent  the 
greatest  prospect  for  the  commercialization  of  sol -gel 
fluoride  materials.  The  ability  to  make  waveguiding, 
and  patteraable  fluoride  films  via  sol-gel  further 
enhances  the  advantages  gained  by  their  use.  based 
on  the  simplicity  and  low-cost  of  the  synthesis.  For 
passive  applications,  metal-organic  precursors  would 
provide  viable  property  attainment,  whereas  for  ac¬ 
tive  devices,  inorganic  precursors  need  to  be  used.  In 
addition  to  the  material  properties  of  the  sol-gel-de¬ 
rived  fluorides,  we  have  discussed  novel  ways  in 
which  to  integrate  them  into  planar  photonic  devices. 
The  future  remains  bright  for  the  utilization  of  fluo¬ 
ride  optical  materials  in  telecommunications.  Consid¬ 
erable  potential  also  exists  in  previously  unconsid¬ 
ered  directions,  especially  those  related  to  integrated 
photonics. 
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Praseodvmium-  and  dysprosmm-doped  lanthanum  halide  powders  have  been  synthesized  by  a  sol-eel -reactive- 
atmosphere  approach  Emission  at  1.3  ^m  from  a  sol-gel-derived  material  was  observed  for  the  first  time 
r"  'j.fetimes  corresponded  to  radiative  quantum  efficiencies  of  approximately  8% 

1  '■  *^y"=LaCl3.  The  spectroscopic  properties  of  these  hosts  are 

shown  to  be  comparable  with  those  of  melt-grown  single-crystal  analogs,  verifying  the  ability  of  inexpensive 
and  low-tempcrnture  solution-based  methodologies  to  produce  low-phonon-energy  materials.  ©  1997  Optical 
Society  of  America 


There  has  been  great  growth  in  photonic  materials  and 
device  research  as  a  result  of  both  the  rapid  growth  of 
the  telecommunications  industry  and  the  expected  traf¬ 
fic  requirements  for  interactive  video  and  multimedia 
services.  These  trends  are  incentives  to  study  novel 
ways  of  expanding  the  information-carrying  capaci¬ 
ties  of  the  existing  optical  fiber  infrastructure  because 
it  is  far  more  economical  to  increase  bandwidth  than 
to  install  new  fiber.'  Economic  aspects  of  all-optical 
transmission  systems  were  not  nearly  so  favorable  un¬ 
til  the  erbium-doped  fiber  amplifier  became  a  prac¬ 
tical  device  to  provide  efficient,  low-noise  broadband 
gain  for  the  1.55-/iim  minimum-loss  window.^  The  re¬ 
sult  is  a  global  optical-amplifier  market  expected  to 
be  worth  nearly  $1.2  billion/year  by  2004.  '  However, 
erbium-doped  fiber  amplifiers  are  not  appropriate  for 
operation  at  the  1.3-/im  zero-dispersion  window  that 
dominates  existing  fiber  communications.  For  these 
reasons  there  is  an  international  search  for  host  ma¬ 
terials  suitable  for  1.3-/iim  optical  amplification. 

These  optical  amplifiers  use  Pr'^*  or  Dy"”  dopants 
to  luminesce  and  provide  gain  at  1.3  fim. 
Praseodymium-'  (Pr"")  has  been  more  widely  studied 
and  has  reached  some  level  of  commercialization''’ 
despite  the  low  quantum  yield  from  current  hosts. 
Dysprosium'’  (Dy'* )  more  recently  has  attracted  inter¬ 
est  because  its  absorption  cross  section  is  significantly 
larger  than  that  of  Pr"'  and  would  greatly  lessen  the 
requisite  amplifier  length.  However,  questions  re¬ 
main  as  to  the  influence  of  excited-state  absorption  on 
the  1.3-/im  emission.  Radiative  transitions  between 
rare-earth  excited  states  are  more  efficient  when 
host  phonon  energies  are  minimized.  Toward  this 
end.  we  considered  the  synthesis  of  doped  lathanum 
halides.  Material  advantages  with  respect  to  silicate 
and  chalcogenide  hosts  are  reduced  phonon  ener¬ 
gies  (e.g.,  hcosity,  =  1100  cm  *,  Awas.S:,  =  350cm-‘, 
^^LaF)  =  350  cm  *,  and  =  260  cm' ')  and  very 

high  solubilities  for  rare-earth  dopants.  The  latter 
advantage  allows  for  large  sensitizing  concentrations 
while  an  optimum  luminescent  dopant  concentration 
is  maintained.  Further,  a  sol-gel  approach  promotes 
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the  low-teniperature  synthesis  of  materials  that  are 
generally  of  higher  purity  and  of  greater  compositional 
floxibility  than  thos6  attainabl©  by  conventional 
crystal-growing  or  melt-quenching  (for  glasses)  tech¬ 
niques.  We  describe  the  synthesis  and  luminescence 
properties  of  Pr®-*--  and  Dy^''"-doped  lanthanum  halide 
powders  by  a  sol-gel  approach  coupled  with  reactive- 
atmosphere  processing.  Luminescence  spectra  and 
fluorescence  lifetimes  for  the  1.3-/im  transitions  of 
these  dopants  are  given  and  discussed  in  reference  to 
melt-derived,  single-crystal  analogs. 

The  synthesis  of  the  lanthaum  halides  was  accom¬ 
plished  by  a  two-step  process.  First,  LaCla  •  6H2O 
(Johnson-Matthey,  Ward  Hill,  Mass.)  was  dissolved  in 
triply  deionized  water.  Doped  samples  were  synthe¬ 
sized  by  the  addition  of  PrCla  •  6H2O  or  DyClg  •  6H2O 
to  the  aqueous  LaCls  solution.  Excess  NH4OH  was 
added  to  precipitate  LaCOHJg  out  of  solution.  These 
samples  subsequently  were  washed  in  triply  deionized 
water  to  remove  the  soluble  ammonium  chloride  reac¬ 
tion  by-product  and  dried  at  90  °C  for  24  h.  Then  the 
samples  were  transferred  to  an  alumina  muffle-tube 
furnace  (CM  Furnace  Company,  Bloomfield,  N.J.)  for 
reactive-atmosphere  processing.  The  sealed  furnace 
was  purged  with  nitrogen  gas  (liquid-nitrogen  source) 
and  heated  to  temperature  at  10  °C/min.  Anhydrous 
hydrogen  fluoride  or  hydrogen  chloride  (both  99.99% 
pure;  Matheson  Gas  Products,  East  Rutherford,  N.J.) 
was  subsequently  introduced  into  the  nitrogen  flow, 
providing  conversion  of  the  lanthanum  hydroxide  into 
the  respective  lanthanum  halide  (—500  cm® /min  HF  or 
HCl,  ~  500  cm® /min  nitrogen  gas).  Reactive  atmos¬ 
phere  processing  lasted  1  h,  after  which  the  reactive 
gas  was  turned  off  and  the  furnace  was  cooled  to  room 
temperature  under  flowing  nitrogen. 

X-ray  diffraction  analysis  was  performed  with  a 
D500  diffractometer  (Siemens  Industrial  Automation, 
Inc.,  Madison,  Wis.)  using  nickel-filtered  CuK^  radi¬ 
ation.  Fluorescence  measurements  were  made  with 
a  tunable  Ti:sapphire  laser  (Schwartz-Electro  Optics, 
Orlando,  Fla.,)  excited  by  an  argon-ion  laser  (1-200; 
Coherent,  Torrance,  Calif.).  The  pump  beam  was  mod- 
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ulated  with  a  chopper  (EG&G  Model  196;  Princeton 
Applied  Research,  Princeton,  N.J.)  at  40  Hz,  with  sam¬ 
ple  emissions  collected  by  an  InGaAs  detector  (Electro- 
Optical  Systems,  Pheonixville,  Pa.)  at  90°  to  the 
direction  of  the  pump. 

Sol-gel-derived  Pr®^-  and  DjT'^-doped  LaFa  and 
LaCls  were  produced  successfully  by  reactive- 
atmosphere  treatments  of  hydroxide  powders.  X-ray 
diffraction  standards’  were  used  to  verify  synthesis  of 
the  respective  halides.® 

Fluorescence  at  1.3  ^1“  from  the  750-parts-in-10 
(ppm)  Pr^'^-doped  LaFa  sample,  treated  at  600  °C, 
is  shown  in  Fig.  1.  Excitation  at  1.017  fim  by  the 
Ti^sapphire  laser  populates  the  ^64  level  of  the  Pr^"^  ion, 
which  emits  at  1.3  fira  upon  radiative  decay  to  the 
state.  The  3-dB  bandwidth  is  —100  nm  (1280  nm—* 
1380  nm),  with  peak  asymmetry  attributed  to  crystal- 
field  effects.  The  lifetime  for  this  emission  was 
0.23  ms  (Table  1).  Figure  2  shows  the  fluorescent 
emission  at  1.3  fj-va  from  a  500-ppm  Pr^Moped  LaCla 
sample.  The  effects  of  crystal-field  symmetry  are 
clearly  evident,  with  a  maximum  peak  intensity  oc¬ 
curring  at  —  1315nm.  The  emission,  although  it  is 
spectrally  uneven,  is  broadband,  ranging  from  1290  to 
1400  nm.  Lifetimes  for  the  200  °C  chlorinated  sam¬ 
ples  were  of  the  order  of  1  ms,  with  a  slight  increase 
if  chlorination  occurred  at  400  °C.  Luminescence 
from  the  (^^9/2,  ®F’ii/2)  ►  ®Hi5/2  transition  of 

Dy®'":LaCl3  (500  ppm)  is  shown  in  Fig.  3.  Excita¬ 
tion  by  the  Ti^sapphire  laser  occurred  at  810  nm. 
A  45-nm  (1295  nm  -»  1345  nm)  3-dB  bandwidth  is 
observed,  with  a  characteristic  three-peak  spectral 
feature.®  Radiative  lifetimes  for  the  500-ppm  samples 
were  greater  then  1.1  ms,  again  increasing  when 
the  chlorination  temperature  was  raised  from  200  to 
400°C. 

The  radiative  quantum  efficiency  from  the  G4  level 
of  Pr®^:LaF3  can  be  determined  by  comparison  of  the 
0.23-ms  measured  lifetime  (750-ppm  Pr®’':LaF3  by  sol- 
gel)  with  that  calculated  by  Weber’®  following  Judd- 
Ofelt  analysis  of  Pr®"^-doped  LaFa  single  crystals.  In 
this  case  the  quantum  efficiency  is 

TLaFa  _  0-23  _ 

where  0.23  ms  (rLaPs)  is  the  measured  lifetime  of 
the  1.3'/Ltm  emission  from  the  HF600  sample  (ab¬ 
breviations  explained  in  Table  1)  and  the  3.11-ms 
theorectical  lifetime  (tc)  is  the  reciprocal  of  the 
1A(^G4,  Jj)  value  given  by  Weber.^°  This  efficiency 
is  approximately  one  half  of  the  theoretical  efficiency 
calculated  from  tabulated  spontaneous-emission  prob¬ 
abilities  and  multiphonon  emission  rates.®  Absorbed 
OH"  is  known  to  quench  the  ^G4  lifetime^^;  there¬ 
fore  it  is  likely  that  this  phenomenon  accounts  for 
the  less-than-theoretical  quantum  efficiency  value, 
as  samples  had  not  been  isolated  from  the  atmo¬ 
sphere.  Fourier-transform  infrared  analysis  of  the 
sol-gel-derived  powders  indicated  the  existence  of 
residual  OH  species;  however,  the  portion  attributed 
to  surface  water  has  not  been  quantified.  To  a 
,  lesser  extent,  the  750-ppm  Pr®"*^  concentration  is 


high  enough  that  wo  should  expect  some  nonradia- 
tive  cross  relaxations  between  neighboring  ions.^‘ 


Wavelength  (nm) 


Fig.  1.  Normalized  fluorescence  spectra  for  sol-gel- 
derived  LaF;{  doped  with  750-ppm  Pr'^',  Inset:  Pr’^' 
energy-level  diagram,  with  the  1,3-^tm  transition  indicated 
by  the  arrow. 


Table  1.  Measured  Lifetimes  and  Calculated  Radia¬ 
tive  Quantum  Efficiencies  for  1.3-/xm  Emissions 


Sample" 

Lifetime  (ms) 

Quantum 
Efficiency  ( ) 

750-ppm  Pr:LaFa 
HF600 

0.23 

8 

500-ppm  Pr:LaCl;j 
HC1200 

0.97 

66 

500-ppm  PriLaCl.i 
HC1400 

1.06 

72 

500-ppm  DviLaCl,^ 
HC1200  ‘ 

1.11 

68 

500-ppm  Dy:LaCl;} 
HC1400 

1.31 

78 

"The  abbreviation.^  refiT  to  halide  pa.‘^  and  temperature:  e.g., 
HF600  corre.^^ponds  to  anhydrou.*^  HF  gas  at  600  “C.  All  treat- 
ments  lasted  for  1  h.  Lifetime  value.s  correspond  to  the  first 
enfolding  time  li.e..  the  lime  for  luminescence  intensity  to  fall  to 
exp<  -  1  M)f  its  original  value*. 


Wavelength  (nm) 


Fig.  2.  Normalized  fluorescence  spectra  for  sol-gel- 
derived  LaCL  doped  with  500-ppm  Pr®"" . 
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Fig.  3.  Normalized  fluorescence  spectra  for  sol-gel- 
derived  LaCL  doped  with  500-ppm  Dy  '‘.  Inset:  Dy‘^‘ 
energy-level  diagram,  with  the  1.3-/Am  transition  indicated 
by  the  arrow. 

The  260-cni  ’  phonon  energy  of  LaClj  implies  an  ex¬ 
tremely  low  nonradiative  relaxation  rate  and  hence  a 
potential  radiative  quantum  efficiency  of  lOO'T^  from 
the  level;'^  The  sol-gel-derived  LaClj  exhibited  ra¬ 
diative  lifetimes  of  0.97  and  1.06  ms  when  it  was  pro¬ 
cessed  with  anhydrous  HCl  for  1  h  at  200  and  400  ‘'C, 
respectively.  These  values  correspond  to  quantum  ef¬ 
ficiencies  of 

,-(!^)x100-(^)x  100  -  66C(. 

The  1.466-ms  theoretical  lifetime  was  calculated  from 
the  electric  and  magnetic  dipole  radiative  rates  fol¬ 
lowing  Judd-Ofelt  analysis  of  Pr’^':LaCl:j  single  crys¬ 
tals.*’* 

The  spectroscopic  properties  of  the  sol-gel-derived 
Dy’^":LaCl:{  samples  with  respect  to  melt-grown  single 
crystals  arc  in  close  agreement.  The  lifetimes  mea¬ 
sured  for  sol-gel  Dy'*’  :LaCl;j  were  1.11  ms  (HC1200) 
and  1.31  ms  (HCUOO).  Judd-Ofelt  analysis  by  Page 
et  al.^^  yielded  a  theoretical  radiative  lifetime  of 
1.68  ms  from  the  2I  excited-state  manifold. 


Correspondingly,  the  sol-gel  quantum  efficiencies  are 
66%  (HC1200)  and  78%  (HC1400).  The  efficiency  of 
the  HF200  sample  compares  favorably  with  the  68%  ef¬ 
ficiency  measured  for  single  crystals  grown  (3  mm/h) 
at880°C.^^ 

Highly  efficient  luminescence  at  1.3  /tm  has  been 
observed,  for  the  first  time  to  our  knowledge,  from 
sol-gel-derived  materials.  Comparison  of  these  hosts 
with  doped  single  crystals  indicates  equivalent  spectro¬ 
scopic  performance  at  a  greatly  reduced  S5mthesis  tem¬ 
perature.  Active  devices  produced  by  a  process  such 
as  sintering  of  the  halide  powders  are  envisaged  for  the 
future.  The  versatility,  ease,  and  low  cost  of  this  sol- 
gel  process  represent  significant  advances  in  the  S3m- 
thesis  of  highly  efficient  1.3-yLtm  fluorescent  materials 
for  both  optical  fiber  amplifiers  and  thin-film  ampli¬ 
fiers  for  planar  integrated  photonics. 
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I  he  increase  m  crossuik  at  frequencies  beyond  2GHz  probably 
result  from  the  capadtive  coupling  through  the  parasitics  in  the 
%  array.  The  use  of  separate  bias  souitts  dimifiatw  the  feedback 
path  from  the  amplifier,  throu^  the  power  line,  to  the  input  of 
the  photodiode,  thus  icsuluns  in  >  lOdB  reduction  in  crosstalk 
For  long  di$tence  fibre-optic  communication,  sensitivity  plays  an 
important  role  in  the  overall  petformance.  Measurement  of  this 
parameter  is  w  progress. 


Fig,  3  Crasaiiiik  eAflrflc/pmfirj  of  duai  biased  irttegratid 

fhoiortC4iv4r  »i'WA  tifht  photafixeiteJ 


Fig.  4  Adjocerrt  cHannei  crosstalk  vith  both  dual  bias  dtsi^sa  and  iVicor- 
poratton  of  mttal  siifdd 


In  summaiy,  wc  demonstrate  a  Id^hannel  pM/HBT  monoliihi- 
cally  intagratfd  photoreceiver  arr&y  with  11. S  GHz  bandwidth  per 
channel  and  adjacent  channel  crosstalk  <  -35dB. 

The  authors  acknowledge  the  help  provided  by 
AX,  Gutierrez-Ailken.  This  work  is  supported  by  the  Defense 
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and  US  Army  Research  OfTtcc,  Grant  DAAL03-92-0'0109, 
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Patterning  for  planar  waveguides 

J.  Ballaio,  R.  van  Wceren,  M.  Agarwala,  R.E.  Riman 
and  S.C,  Danfoith 


indexing  tenth  Phnur  waveguides 


Tin;  ^thesis  ctT  planar  atrip  gsinttOtrio*  for  plMWr  waveguides  by 
a  layered  mBnufacturing  technique,  cal^  f\]Sed  delation 
modelling  (FDM^),  is  preiented-  Chaimds  wcic  deposited  on 
smeon  wattes  by  melting  t  ttiermoplasUc  polymer  and  exiruding  u 
through  a  email  orifKse.  Sol-gel-derived.  amzxrphdtu  fluoride  fibttii 
were  dip-coated  into  these  Channels  and  yielded  scraigh.t,  invn 
strips  on  subsequent  removal  of  the  pblymer. 

Inp^oduaion:  Tbc  future  demand  of  the  'infomiation  sufW'high- 
way*  has  manifested  iAtense  interest  in  the  dtvtlopmtnt  of  ncv.' 
planar  photonic  materials  and  waveguidins  Beometrics.  The  inte¬ 
gration  of  optics  and  electronics  into  single  derices  has  even  been 
likened  to  the  creation  of  the  transistor  in  terms  of  its  lechnologi- 
cal  significance  [I].  !n  li^t  of  this,  the  photonic:  device  market  is 
projected  to  grbw  from  the  cumnt  muHimiliion  dollar  per  year 

industry  into  one  valued  at  several  billion  dollars  per  year  by  2010 

P). 

Planar  waveguide  geometries  inevitably  will  play  an  extensive 
role  in  cptoelmronic  derices,  Integration  incienscs  funclionahty 
with  fewer  components  and  at  a  lower  level  of  power  cor«vimp- 

tion  Consequently,  applications  are  bound  for  both  passive  and 
active  aj^Ucations.  At  times,  the  majority  of  the  expenses  are 
incurred  in  the  packaging  of  the  device  rather  than  in  the  ptepara- 
tion  or  me  consiinieni  maicriats.  Therefore,  overeoming  the  cur- 
tent  technological  barrier  of  high  packaging  would  represent 
an  additional  advantage  for  photonic  devkes.  We  report  the  novel 
synthesis  of  planar  glass  strips  by  a  rapid  prototyping,  layered 
manufacturing  method.  Such  techniques  are  quidcly  gaining  indus¬ 
trial  interest  as  fabrication  tools,  since  they  reduce  producuon 
tixTies  and  Go&ts>  as  well  ac^  providtAg  eaiity  u^ttug  of  ivew  and  com* 
plex  design  geometries  The  great  simplicity  and  flexibility  of  this 
technology  Is  advantageous  to  the  expeditious  realisation  of  novel 
prototype  waveguiding  structures  for  planar  photonic  appUca- 
uons. 

Film  synthesis  and  patterning:  The  pskti*fn&  were  fabricated  on  sin- 
gk-crystal  silicon  wafers  using  a  commercial  rapid  prototyping 
(RP)  process  called  fused  deposition  modelling  fFDM^^).  All  RP 
processes  have  the  initial  design  cf  the  part  or  pattern  on  a  CAD 
workstation  in  common.  The  design  ri  nrmthcinasicAUy  sliced  into 
a  fiAiie  nuRiber  of  horizontal  layers  of  certain  thicknesses.  These 
parts  then  are  fabricated,  layer-by-layer,  by  the  spcdfic  RP  hard¬ 
ware,  The  process  by  which  each  RP  technique  fabricates  these 
individual  layers  dllTers  significantly.  In  the  FDNT”  procc«, 

the  layers  are  fabric^ated  by  eatrusicn  of  A  molten  tbarmoplastic 

No,  1  83 


06/29/1999  16:29  864-656-1453 

uiU’t'uii  Uu'turJi  fmc  luv/kv  Ihc  cxiruJaW  b  iis  COrt- 

jUHHis  liiw>  (Tv><kU'»  *>i  nuicmil.  onl>  in  urcan  UctlrttU  bv  ihe 
\\i>  lllo  l‘*'r  Ouch  Kivor.  or  -vlico.  Tlw  oxuy».i«fJ  ntui^rtul  loUdifies 

•  ^  ipidU  ur‘>n  doroMtJi'n.  rho  mocioa  of  the  eMrusiM  head  lliqui- 
ori  i>  oonU'oSleJ  m  the  \.  \  liircction  '^\hik  u  support  phirform 
ro\idkMho  :  motioiv 


.  ^  .  thfriWCjOlCitiC 

X  y-tf^rrction  polymer  filament 
prototype  licuifier 


z-di rechon  platform^  15003 


’Ijr,  1  .S\V/r/i/4ff/i'  tthiUnuH  tif  mpuf  yinifmh  of  pldttur  jf/di-.r 

tfifu  /'I  ndV  nr 


SLlb^e^llOIH  to  Uto  d':pi>sitton  of  tho  poivffler  piittem.  the  Si 
'ufer  Uas  Uip-coaicd  V\ith  u  sol  coniLiinina  the  cjtionlc  precursors 
:  u  2BLA  t  ?:  Zrf  LaF.-3  AIFj  tluodde  glass  l%l  Fol- 

yoUition  in  air  at  rooitt  temperature,  u  heat  treatment  at 
for  I  It  WHS  suftlokiit  to  melt  the  wa\  off  the  iubsimte.  A 
.•hematic  diagram  of  ihk  !ype  of  process  is  shown  in  Fig,  I,  Con- 
-rsion  of  ihe  glass  to  a  lluoride  was  achiq:\^ii  by  *  Ih,  200®C 
•airtionc  in  anhydrous  MF.  Tlitf  pr^’ent  ivort  \va!ji  eoncemed  wuh 
*  synthesis  ot’  puttcnicd  fluoride  films'.  NVateguides  could  easily 
based  on  a  variety  of  materials  such  as  oxides  which  are  pro- 
seed  by  various  methodologies  $uch  as  sol-gel  or  ion  exchange. 


isimxiitr.:  The  resulianl  planar  glass  strips  art  shown  in  FI2.  1 
nc  fringes  obiCfNrd  ui  ihc  ?irip  edge$  uft  iht  mult  of  surface 
iisiou  efleets  betuiren  the  sol  urtJ  the  u-a.ic.  As  film  thicknesses 
e  increased,  these  effects  should  become  less  problematic.  Also 
)scr^•L'd  in  the  Figure  arc  bubbles  in  the  ^uss  regions.  These 
cur  from  ihc  doposibon  of  the  sol  which  gelled  too  quickly  to 

■>c  ibc  buhWdw  by  bus>ytuK*y.  Cof'arol  of  the  uelutitin  COndt('«>n£ 

.i»..  condJerinu  >ol‘iiol  ntethods:  alcohol  dilution  of  sol.  or  coat- 
g  under  an  alcohol  water  airnosphere*  should  allow  for  crack- 
id  bubble- free  lllms- 

Ah  irttportani  point  to  note  is  the  slrifiuhtness  of  the  guide 
j;cs.  !rrt:uu!ari[ie»  in  cillier  these  borders  or  on  chc  major  sur¬ 
ges  ijuickly  lead  lo  liiijh  sciittcring  losses.  The  ability  to  fabricate 
ges  of  this  regularity  woniirm  the  fcasibilUy  of  this  method  to 
oditce  tjualiiy  wavcguKles.  As  nieniioncd.  the  noAumformity  in 
e  icp  suriace  rcsuUtM  iVcin  nort-optimised  processing  of  the  sol- 

tilin.  f  lov^ovfr,  thi?;  cnrrentlv  k  <>f  IkA  eonCem  thun 
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the  character  of  the  edges,  as  sol-gei  meinous  have  been  snovsn  u? 
yield  highly  smooth  nim«  (d). 


Fig.  3  E.rumple  of  strucIur*^  tif  synth^sLimf 

This  corresponds  to  CAD  projection  of  plunur  Y-branch 
0«om«lry  la  COAv#rt*4  inio  instruction*  whi^fh  COrttfOl  the  3D  laca- 
(iort  of  e.<cruslon  die  with  respect  (0  substrate 


Ropid  prototyping  iMhtiiqu4«  are  increaicirtgJy  feceivtitg  greutif 

aiteniiort  as  industry  realises  their  benefits.  Potential  lies  in  the 
untapped  field  of  planar  devices  for  integrated  photonics.  Our 
present  resoluiioni  are  of  the  order  of  ISpm,  mostly  due  10 
mechanical  limitations  of  tiv;  FDM  system  ic.g.,  conirvl  hardware 
und  software.  no2zl«  slz*.  vtc-k  Although  this  cause*  a  resfiu^lort 
to  larger-scile  applications  (such  as  planar  sensors),  the  future 
holds  promise  for  a  continued  advance  in  the  patterning  of  smaller 
feamres.  Funher,  the  ability  to  deposit  several  materials  at  the 
same  lime,  coupled  with  simplicity  and  design  n^tbiliy  (as  shown 
in  Fig.  3).  enhances  the  utility  of  thb  technique. 


CuncltiiiortJ:  We  have  ^ho^vii  the  feasibility  of  layered  manufaaur- 
ing  to  produce  uniform  structures  of  interest  to  planar  photonic 
devices.  11115  synthesis  method  is  applicable  to  an  extremely  wide 
range  of  geometries  which  arc  quickly  and  easily  fixbrieated.  This 
•xp^lcncy  gretttly  rcduccai  p>roe«ssina  costs,  especially  iKose  asso* 

ciaicd  with  design  optimisation  based  on  the  performance  of 
prototypes. 
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Abstract 


f  calonmetnc  techniques,  enthalpies  of  mixing  of  melts,  enthalpies  of  formation  of  glasses  and 

enthalpies  of  formation  of  crystals  have  been  measured  in  binary  systems  ZrF^-BaF,,  ZrF4-NaF.  ZrF.-LaF,  aL  selected 
compositmns  m  the  system  ZrF,-BaF,-LaF3-AlF3-NaF.  The  system  ZrF4-LaF3  'shows  essentially  zero  enthalpiTof 
rd'zrF°^  r?  !?  exothermic  enthalpies  of  mixing.  In  the  binary  systems  ZrF^aF, 

compositions,  Ba^ZrFj  and  Na3ZrF7,  respectively,  indicating  the  stoichiometric  complexes  ZrF""  and  ZrF|-  These  results 
^e  discussed  in  relation  to  energetics,  structure,  speciation  and  acid-base  chemistiy  and  suggest  the  following:  ZrF^,  LaF3 
^ on  umTuorir'^  complex-formers,  while  BaF^  and  NaF  are  ionized  in  the  molten  state.  The  coordination  numbed  of  the 

a  i  A  model  is  proposed  in  which 

glass-forming  melts  ^e  dominated  by  ZrF^-  species  and  lie  near  deep  eutectics.  Therefore,  glass  formation  in  fluorozir- 

S^^rmirZrF-“to  ^  Shon-range  atomic  arrangements,  from  the  melt  with 

predominantly  ZrFj  to  the  glass  where  zirconium  is  7  or  8  coordinated  by  fluorine.  ©  1997  Elsevier  Science  B.V. 

FACS;  05.70,- a;  07.20.Fw;  6I.20.Qg;  61.43.Fs 


1.  Introduction 

Heavy  metal  fluoride  glasses  based  on  ZrF4  (fluo- 
rozirconate  glasses)  have  been  studied  extensively 
for  more  than  15  years  because  of  their  potential  for 
optical  applications  [1-4],  The  addition  of  other 
fluorides  to  the  binary  system  ZrF^— BaF,  improves 
the  apparent  ease  of  glass  formation  and  gives  a 
series  of  multicomponent  fluoride  glasses.  ZBLAN 


’  Corresponding  author.  Tel.:  +  1-609  258  3287:  fax:  + 1-609 
258  1274;  e-mail:  iclin@phoenix.princeton.edu. 


(ZrF4-BaF2-LaF3-AIF3-NaF)  glasses  appear  to  be 
the  most  stable  against  devitrification  and  are  the 
most  commonly  studied.  Their  generally  accepted 
structure  is  made  up  of  ZrF^  and  ZrFg  polyhedra 
bonded  by  one  or  two  bridging  fluorine  atoms. 
Cations,  such  as  Ba"'*'  and  Na'^.  are  inserted  among 
the  polyhedra  [5-8]. 

Glass-forming  compositions  have  been  found  em¬ 
pirically  in  fluorozirconate  systems.  No  completely 
satisfactory  explanation  has  been  provided  for  glass 
formation.  Fluorozirconate  glasses  are  mainly  formed 
by  supercooling  their  melts.  Thus,  a  understanding  of 
properties  in  the  molten  state  must  be  considered  to 
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analyze  glass  formation.  It  is  known  that  fluorozir- 
conate  melts  have  low  viscosities  when  compared 
with  common  glass-forming  systems  such  as  silicates 
and  borates  [9-12]  and  are  typically  ‘fragile’  glass¬ 
forming  liquids  [13].  However,  due  to  the  high  vapor 
pressure  and  corrosive  nature  of  ZrF4,  few  thermody¬ 
namic  studies  have  been  performed  by  high  tempera¬ 
ture  calorimetry.  The  enthalpies  of  mixing  of  molten 
ZrF^-BaF.  (ZB),  ZrF^-NaF  (ZN)  and  ZrF^-BaF.- 
NaF  (ZBN)  mixtures  have  been  measured  and  found 
to  be  exothermic  [14-18].  These  data  were  inter¬ 
preted  in  terms  of  zirconium  fluoride  anionic  com¬ 
plex  formation  in  the  molten  state.  Several  spectro¬ 
scopic  investigations  have  confirmed  the  occurrence 
of  anionic  complexes  in  melts  [19-22]. 

The  thermodynamic  parameter,  enthalpy,  is  a  use¬ 
ful  tool  which  gives  insights  into  structure  and  bond¬ 
ing  when  analyzed  systematically  for  a  group  of 
materials.  The  goals  of  this  work  are  to  obtain 
reliable  thermodynamic  data  including  the  enthalpies 
of  mixing  of  melts,  the  enthalpies  of  formation  of 
glasses  and  the  enthalpies  of  formation  of  crystals  in 
fluorozirconate  systems  and  to  develop  systematic 
knowledge  relating  energetics,  structure,  speciation, 
acid-base  chemistry,  physical  properties  and  ease  of 
glass  formation. 

2.  Experimental 

2.7.  Synthesis  and  characterization 

High-purity  fluorides  (i.e.,  ZrF4,  BaF^,  LaF^,  AIF3 
and  NaF)  were  used  as  starting  materials.  All  chemi¬ 
cals  were  stored  and  handled  in  a  dry  box  to  prevent 
hydroxide  and  oxide  contamination.  ZB,  ZL  and 
ZBN  glasses  were  prepared  by  melting  the  batches  in 
sealed  platinum  tubes  at  950-1050°C  for  1  h.  Vitre¬ 
ous  transparent  pieces  of  thickness  1-2  mm  were 
obtained  by  fast  quenching  the  tubes  in  water.  Glassy 
samples  of  ZBL,  ZBA,  ZBLA  and  ZBLAN  were 
prepared  by  splat  cooling  fluorozirconate  melts.  The 
compositions  of  all  glasses  were  confirmed  by  w^ave- 
length  dispersive  electron  microprobe  analyses.  The 
melting  and  cooling  schedules  used  for  preparation 
of  the  crystalline  phases  were  either  those  described 
in  the  literature  [23,24]  or  were  based  on  their  phase 
diagrams  [25^^27].  The  synthesized  crystalline  com¬ 
pounds  were  identified  by  X-ray  powder  diffraction 


(XRD).  Most  were  the  expected  single  phases,  with 
diffraction  patterns  in  good  agreement  with  PDF 
(power  diffraction  file)  cards.  Ciystalline  LaZr^Fjj 
in  this  study  is  the  meta-LaZr^Fj,  phase  reported  to 
be  stable  over  the  whole  temperature  range  [28]. 
a-BaZr2F,o,  p-BaZr2Fj(,  and  crystalline  ZBLAN 
(0.53-0.2 1-0.04-0.03-0. 19)  samples  were  reciy's- 
tallized  by  heating  the  corresponding  glasses.  XRD 
patterns  for  both  a-BaZr2F,o  and  |3-BaZr2F,Q  show 
a  large  number  of  lines,  indicating  the  probable 
presence  of  other  phases.  The  more-intense  lines 
could  be  attributed  to  a-BaZr2F,Q  and  3-BaZr2F,o. 
It  was  not  possible  to  identify  other  phases  from  the 
remaining  diffraction  lines.  The  great  difficulty  in 
obtaining  these  phases  has  been  reported  previously 
[29,30].  The  major  phase  in  the  recrystallized  ZBLAN 
was  identified  as  BaNaZr2Fjj.  Some  glassy  samples 
were  annealed  at  temperatures  10-20°C  below  their 
glass  transition  temperatures  for  30  min  and  then 
cooled  at  TC/min  to  room  temperature  in  order  to 
compare  energetic  differences  between  fast  cooling 
and  annealing. 

2.2.  Calorimetry 

Enthalpy  measurements  were  made  by  trans- 
posed-temperature-drop  calorimetry  using  a  high 
temperature  hybrid  calorimeter  constructed  in  the 
calorimetry  laboratory  at  Princeton  University  [31]. 
This  custom-built  calorimeter  combines  the  advan¬ 
tages  of  the  Cal  vet  twin  and  Setaram  HT-15(X) 
calorimeters  [32].  It  can  be  operated  at  any  selected 
temperature  between  600  and  lOOO^C.  All  samples, 
each  weighing  about  60-90  mg,  were  sealed  in 
Au-capsules  due  to  the  hygroscopic  nature  of  ZrF4 
and  glasses  at  low  temperature  and  the  high  vapor 
pressure  and  the  corrosive  nature  of  ZrF4-based  melts 
at  high  temperature.  The  sealed  Au-capsules  were 
dropped  from  room  temperature  into  the  calorimeter 
at  8(X)  or  900T,  depending  on  their  compositions. 
Calibration  was  done  by  dropping  known  masses  of 
platinum,  and  showed  two  standard  deviations  of  the 
mean  of  1-2%. 

23.  Thermodynamic  cycles 

After  subtracting  the  heat  content  of  the  Au-caps- 
ule,  the  data  were  analyzed  by  different  thermody¬ 
namic  cycles.  In  the  text,  the  states  of  liquid,  crystal 
and  glass  are  symbolized  by  subscripts,  liq,  xl  and 


gl:  respectiv 
for  fluoride  < 
sured  enthai] 

mixing  of  m 

example,  the 
of  drop  of  C 
tion: 

0.25BaF2^xi. 

(0.25E 

By  using 
effects  of  tht 

0.25BaF2jxi. 

^  0.25Bc 

0.75ZrF4^^,  2 

'  -*>T).75Zr 

0.25BaF2<,j, 

^  0.25B£ 

0.75ZrF4(^i  8 

^  0.75Zr 
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difference  in 

;  Table  1 
r  Thermodynamic 
133-35] 
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T„, 

(°C) 
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gl,  respectively.  By  using  the  thermodynamic  data 
for  fluoride  components  (Table  1)  [33--35],  the  mea¬ 
sured  enthalpies  for  the  drop  of  mechanical  mixtures 
were  converted  to  give  the  enthalpies  of 
mixing  of  melts  (i.e.,  licjuid—licjuid  enthalpy  of  mix- 
ing,  at  the  experimental  temperature.  For 

example,  the  experimental  measurement  for  enthalpy 
of  drop  of  0,25BaF2  ‘  0.75ZrF4  tnixture  is  the  reac¬ 
tion: 

0-25BaF,,„.3j.^,  +  0.75ZrF„„,,3.c, 

^  (0.25BaF,  •  0.75ZrF,)(,i,,8ooT) 

By  using  the  thermodynamic  data  in  Table  1,  heat 
effects  of  the  following  reactions  are  calculated: 
0.25BaF2(,| 

-»  O-^SBaF,  (Hj-  —  //25"c)BaF,  - 


-*  0-75ZrF4,^i  (  ^r~  ■^25°c)zrF4» 

0.25BaF2  (j| 

-»0.25BaF2(^  jOO=C)  '^^fusCDBaF,- 
0.75ZrF4(,| 

-♦  0.75ZrF4  ( liq  .800“C  >  ^  ^fus<r)ZrF,  • 

For  each  fluoride  component,  Hj  -  is  the 
difference  in  enthalpy  between  the  experimental  tem- 


Table  I  ' 

Thermodynamic  data  for  fluoride  components  used  in  this  study 

Id  •' 


Fluoride 

T 

(T) 

^fus(  1 

(kj/mol) 

T 

rc) 

Hr  -  W;5=c 

(kJ/mol) 

^fuslTj 

(U/mo!) 

ZrFj 

932 

64.22 

900 

110.27 

65.24 

800 

96.60 

68.32 

BaF, 

.1368 

20.92 

900 

79.36 

39.20 

800 

67.68 

40.98 

LaFi 

1493 

50.21 

900 

92.16 

31.73 

800 

80.04 

27.12 

AIF3 

2250 

98.30 

800 

74.77 

73.69 

NaF 

996 

33.35 

900 

49.09 

32.84 

800 

42.81 

32.15 

T^.  melting  temperature,  enthalpy  of  fusion  at  the  melt¬ 

ing  temperature.  T :  experimental  calorimetric  temperature.  Hj  - 

^:5"c-  content.  enthalpy  of  fusion  at  the  experimental 

temperature. 


perature  and  25°C  in  the  solid  state,  also  called  the 
heat  content.  + //^ACpdT  (T 

A//f^j.(y.j  is  the  enthalpy  of  fusion  at 
the  experimental  temperature  (T)  and  A/Zf„,„.  ,  is 
the  enthalpy  of  fusion  at  the  melting  point  (t^). 

is  the  difference  between  and 

Afftus(r„)  and  is  obtained  by  integration  of  the  dif¬ 
ference  between  the  extrapolated  heat  capacity  of 
liquid  and  the  heat  capacity  of  solid  from  to  T. 
Finally,  the  enthalpy  of  mixing  of  the  "molten 
0.25BaF2  •  0.75ZrF4  at  800°C,  i.e.,  the  heat  of  the 
following  reaction: 

0.25BaF2,||q  8oo“C)  +  0-75ZrF4,|jq 

-(0.25BaF2  0.75ZrF4),„,.8oo.e, 

can  be  obtained,  where  AH  =  -(H  - 

mix  “^^drop 

^:K°C  W,  ~  ~  ^:5”c)zrF4  ~  ‘^^fusCDBaF,  ~ 

A  "fus(r)ZrFj- 

For  the  enthalpy  of  formation  of  the  glasses  and 
crystals  having  lower  liquidus  temperatures  than  the 
experimental  temperatures,  for  example,  crystalline 
BaZr2F,o  which  melts  at  [27],  the  thermody- 
namic  cycle  is 

l/3BaF2^xl  25^0  +  2/^^^F4(x1.25'’C> 

^(l/3BaF2-2/3ZrF4)(m.8oo«c)  A//“, 
l/3BaZr2F|0(,i  25«c) 

^  ( l/3BaF2  •  2/3ZrF4)„i4.8oox)  A//JS'“‘. 

The  final  states  are  the  same  in  both  reactions. 
The  difference  between  two  reactions  gives 

l/3BaF2,,j  2s»c)  +  2/3ZrF4,j,  25»c) 

-*  l/3BaZr2F,Q(j,  25.C)  AZ/f"^“*'. 

A//S“'  =  A//~  -  where  AH^^\  is 

the  enthalpy  of  formation  of  l/3(BaZr,F,o)  from  the 
Ctystalline  fluorides  at  25‘’C.  A//™*'“”  was  either 
directly  measured  or  calculated  by  interpolating  the 
experimental  measurements. 

The  enthalpy  of  formation  of  crystals,  which  have 
higher  melting  temperatures  than  the  experimental 
calorimetric  temperature,  was  determined  by  a 
method  similar  to  that  used  for  the  enthalpy  of 
formation  of  NaMgF3  [36].  This  method  converts 
both  reactants  and  product  to  the  same  final  molten 
state,  by  dropping  a  mixture  of  reactants  plus  an 
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excess  component  to  produce  a  low-melting  final 
composition.  For  example,  the  measurement  for  en¬ 
thalpy  of  formation  of  Ba^ZrFg,  which  melts  congru- 
ently  at  1016°C  [27],  is 

l/3BaF2^xi.25'‘C)  2/3ZrF4^^j  25°c) 

(l/3BaF2  •  2/3ZrF4)oi,. 800^0  A//“, 

1 /6Ba 2 ZrFg ( 25'-c)  ^ { xi .25^ ) 

^  (l/3BaF,  •  2/3ZrF,),,i<,.8oo.c) 

The  final  states  are  the  same  in  both  reactions. 
The  difference  between  two  reactions  gives 

l/3BaF2(xl.25T)  ^/^^^^4(xl.25T) 

-»  l/6Ba,ZrF8,„.,5.c, 

A//S‘'  =  4WZr'-^^<*™r'  is 

the  enthalpy  of  formation  of  1  /3(Ba2ZrFg)  from  the 
crystalline  fluorides  at  25°C.  All  calorimetric  data 
are  based  on  one  mole  of  fluoride,  i.e.,  the  number  of 
total  moles  of  components  is  1 . 


3.  Results 

Calorimetric  data  for  mixtures,  glasses  and  crys¬ 
tals  are  listed  in  Tables  2-4,  respectively.  The  en¬ 
thalpies  of  mixing  of  molten  mixtures  (i.e.,  liquid- 
liquid  heat  of  mixing,  at  800°C  for  ZrF4- 

BaF2  and  at  900''C  for  ZrF4-NaF  and  ZrF4-LaF3  are 
shown  as  circles  in  Fig.  1.  In  the  system  ZrF4-BaF2, 
a  third-order  polynomial  fit  to  the  data  provides  the 
enthalpy  of  mixing  curve.  In  the  systems  ZrF4-NaF 
and  ZrF4-LaF3.  the  enthalpy  of  mixing  curves  are 
interpolated  from  the  data.  These  are  shown  as  the 
dashed  curves  in  Fig.  1.  The  enthalpies  of  formation 
of  glasses  and  crystals  from  the  crystalline  fluorides 
at  25°C  and  are  shown  as  trian¬ 

gles  and  squares,  respectively,  in  Fig.  1. 

The  enthalpy  of  mixing  in  the  system  ZrF4-BaF2 
has  been  obtained  by  Hatem  et  al.  at  750°C  in  a 
narrow  composition  range  (mole  fraction  of  ZrF4  = 
0.55-0.65)  [14].  These  values  are  between  -50.5 
and  -45.4  kJ /mol.  Our  values,  for  example  —43.3 


Table  2 

Enthalpies  of  iransposed-iemperature-drop  of  mechanical  mixtures  from  25  to  900®C  for  ZN  and  ZL  systems  and  to  SOOT  for 

other  systems  and  enthalpies  of  mixing  of  fluorozirconaie  melts  in  the  molten  state _ . 


Composition  of  mixtures 

ZrF,  BaF,  LaF, 

AIF3 

NaF 

AWro"""  (kJ/mol) 

No.  of  experiments 

(kJ/mol) 

0.75 

0.25 

128.72  ±2.24 

3 

-  22.39  +  2.23 

0.70 

0.30 

117.10±3.n 

3 

-30.95  +  3.08 

0.66 

0.34 

109.70+  1.82 

4 

-35.83  +  1.82 

0.58 

0.42 

98.12  +  2.79 

3 

-43.27  +  2.79 

0.48 

0.52 

86.03  ±  2.76 

4 

-49.50+2.77 

0.71 

0.29 

137.54+  1.83 

3 

-10.81  ±  1.72 

0.50 

0,50 

104.83  ±  1.58 

3 

-23.85+  1.64 

0.39 

0.61 

86.85  ±  1.33 

2 

-31.79+  1.45 

0.33 

0.67 

79.73  ±  1.30 

3 

-33.30+  1.34 

0.27 

0.73 

7}  .65  ±  1.46 

2 

-33.56+  1.99 

0.20 

0.80 

75.21  ±2.03 

3 

-25.15  +  2.06 

0.79 

0.21 

163,31+2.57 

3 

-1.60+2.59 

0.68 

0.32 

157.66  +  4.51 

3 

-  1.10  +  4.80 

0.59 

0.41 

154.00+  1.29 

3 

-0,45+1.35 

0.61 

0.22 

0.17 

107.14  +  2.12 

3 

-30.11  ±2.12 

0.51 

0.26 

0.23 

88.50  ±  3.00 

3 

-41.10  +  3.00 

0.55 

0.39 

0.06 

97.16+  1.69 

3 

-42.35+1.69 

0.54 

0.39 

0.07 

102.20+  1.87 

3 

-39.62+  1.87 

0.55 

0.37 

0.04 

0.04 

98.94+  1.74 

3 

-42.20+  1.74 

0.53 

0.21 

0.04 

0.03 

0.19 

98.12+1.74 

3 

-35.08  +  1.74 

0.53 

0.26 

0.03 

0.03 

0.15 

98.33  ±  0.72 

3 

-36.24  +  0.72 

0.47 

0.29 

0.03 

0.04 

0.17 

92.92+  1.11 

3 

-38.00  +  1.11 

Table  3 
Enthalpies  of  i 
enthalpies  of  ft 
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ZrF4 

Bal 

0.73 

0.2 

0.70 

0.3( 

0.66 

0.3- 

0.60 

0.4( 

0.75 

0.63 

0.61 

0.2; 

0.51 

0.2( 

0.55 

0.3‘ 

0.54 

0-3' 

0.55 

0.3 

0.53 

0.2 

0.53 

0.2i 

0.53 

0.2t 

0.47 

0.2' 

0.47 

0-2' 
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Table  3 

Enthalpies  of  transposed-temperature-drop  of  glasses  from  25  to  900°C  for  the  ZL  system  and  to 

enthalpies  of  formation  of  fluorozirconate  glasses  from  crystalline  fluorides  at  25°C  (A  WfJrm") 

Composition  of  glasses  /mnil  Nn 


SCWC  for  other  systems  and 


^  ^cfroT  (kJ/moO  No.  of  experiments  A  (kJ /mol) 


111.21  ±  1.16 
109.37  ±  1.68 
104.83  ±  0.20 
104.88  ±  0.40 
133.22  ±  2.49 
135.59  ±  1.58 
103.66  ±2.13 
97.02  ±  1.76 
106.06  ±  1.43 
106.19  ±  1.08 
105.46+0.89 
102.02  +  0.30 
103.25  ±  1.87 
103.87  ±0.93 
98.73+0.81 
100.33+  1.40 


12.65  ±2.88 
8.58  ±  3.49 
5.21  ±1.91 
-4.41  ±2.65 
28.02  ±  3.22 
20.10  ±3.57 
3.48  ±3.01 
-8.53  ±3.48 
-8.90  ±2.22 
-3.99  ±2.16 
-6.53  ±  1.95 
-3.90±  1.77 
-4.91  ±2.01 
-5.54  ±2.09 
-  5.82  ±  1.37 
-7.42  ±  1.62 


Error  represents  two  standard  deviations  of  the  mean. 
■*  Annealed  glass. 


d  to  800°C  for 


kJ /mol) 


±2.23 
±3.08 
±  1.82 
±2.79 
'  ±  2.77 
±  1.72 
±  1.64 
►  ±  1.45 
» ±  1.34 
»±  1-99 
i  ±  2.06 
)  ±  2.59 
)  ±  4.80 
>±1.35 
i±2.12 
)±3.00 
)±  1.69 
>±1.87 
)±  1.74 
5  ±  1.74 
t±0.72 
)±  l.ll 


±  2.79  kJ/mol  at  mole  fraction  of  ZrF4  =  0.58,  are 
similar.  The  enthalpies  of  mixing  for  the  molten 
ZrF4— NaF  system  have  been  investigated  by  several 
authors  at  different  temperatures  [15-18,28].  Al¬ 
though  the  minima  of  enthalpies  of  mixing  are  at 
NaF-rich  compositions  for  each  study,  their  values 


range  from  -30  to  -43  kJ/mol.  Because  of  the 
high  vapor  pressure  of  ZrF4.  there  is  considerable 
uncertainty  of  the  mixing  composition  range  for 
these  high  temperature  experiments  using  open  sys¬ 
tems.  Our  minimum  in  heat  of  mixing,  near  mole 
fraction  of  ZrF4  =  0.25,  is  -33.6  kJ/mol. 


Enthalpies  of  traiisposed-tem,«rature-drop  of  crystals  )  from  25  to  900°C  for  ZN  and  ZL  systems  and  to  800“C  for  other  systems 

and  enthalpies  ot  formation  of  fluorozirconate  crystals  from  crystalline  fluorides  at  25°C  . . 


l/30-BaZr,F,o) 

l/3(a-BaZr,F,o) 

l/2(p-BaZrF,) 

l/2(a-BaZrF(,) 

l/3(Ba,ZrF4) 

l/4(Ba,ZrF,o) 

l/7(Na,Zr4F„) 

l/13(Na,Zr,F„) 

l/3{3-Na,ZrF«) 

l/7(a-Na,Zr,F,3) 

l/4(Na,ZrF,) 

1  /3(  meta-LaZr.  F| , ) 

ZBLAN  (0.53-6.2 1-0.04-0.03-0. 19) 


(kJ/mol) 

1 10.78  ±  3.42 
1 12.57  ±  2.45 
104.50  +  0.58 
107.73  ±  2.46 


1 16.27  ±  1.68 
1 10.00  +  2.04 
95.03  ±  0.44 
88.86  ±  1.58 
91.50  ±0.72 
138.01  ±  1.16 
110.69+1.53 


No.  of  experiments 


Affg'  (IcJ/mol) 

0.71+4.06 
-1.07  ±3.29 
-15.91  ±2.83 
-19.15  ±3.70 
-27.76  ±2.90 
-10.53  ±3.18 
-0.32  ±2.37 
-11.57  ±2.53 
- 15.14  ±  1.37 
-13.67  ±2.12 
- 17.43  ±  1.79 
19.28  ±  4.45 
-12.57  ±2.32 


Error  represents  two  standard  deviations  of  the  mean. 


/.-C.  Lin  ei  al  /Journal  of  Non-Crystalline  Solids  215  i  1997)  113-124 


Ba3&Fio 


f^BaZr2F,0/' 

/ 


8  -20  \ 


^glBaZxFs  / 


‘5-  -20 


tS  -3oJ 


0.0  0.2  0.4  0.6  0.8 

®^2  Mole  fraction, 


^Na3Zr4F,9 

^  — ‘5|'2Fi3  ^N.7Zr6F3i;^ 

\  ^NajZrFfi  / 

.N.^7  / 


■  ahS" 

—  —  Enthalpy  of  mixing  curve 


Mole  fraction,  ^ZrF. 


40i 

30 

*0 

I 

20 

10 

€ 

0 

-10 

I  n)eta-LaZr2F]  ] 


-i-i- 


-j-r 


*■^3  Mole  fraction,  X2rp^—>  ^ 

Fig.  1.  Enthalpies  of  mixing  of  melts  (from  molten  end-members  at  high  temperature),  enthalpies  of  formation  of  glasses  and  enthalpies  of 
formation  of  crystals  (from  crysulline  end-members  at  25*^0  in  binar>’  systems:  (a)  ZrF4-BaF2,  (b)  ZrF4~NaF  and  (c)  ZrF4“LaF3. 


Because  we  used  sealed  Au  capsules,  enthalpy 
effects  related  to  vaporization,  volatile  loss,  and 
compositionaf  ohange  were  minimal.  Several  primary 
observations  stand  out:  (1)  The  enthalpies  of  mixing 


for  the  molten  ZrF4-BaF2  and  ZrF4-NaF  systems  are 
strongly  exothermic.  In  contrast  the  system  ZrF4- 
LaFj  shows  essentially  zero  heat  of  mixing  in  the 
melt.  (2)  In  the  system  ZrF4-BaF2  the  most  exother- 


Table  .-S 

Enthalpies  of  vitrification  of  niioro/irconale  glasses  at  25'’C 

CoiTosponcling crystals  (kJ/inol)  Heat  of  vitrification 
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mic  crystalline  compound  is  BajZrF,  at  mole  frac¬ 
tion  of  ZrF4  =  1/3.  This  composition,  which  is  not 
molten  at  800°C,  is  also  near  the  minimum  in  the 
polynomial  curve  fit  to  the  liquid-liquid  heat  of 
mixing  data.  For  the  ZrFj— NaF  system,  the  minimum 
occurs  at  a  mole  fraction  of  ZrF4  =  0.25  (crystalline 
phase  Na3ZrF7)  for  both  crystals  and  liquids.  (3)  The 
enthalpy  of  formation  of  the  glasses  and  crystals 
from  crystalline  end-members  are  very  similar.  They 
are  less  exothermic  than  the  enthalpy  of  mixing  in 
the  corresponding  melts.  In  ZrFj-LaFj,  the  crys¬ 
talline  compound  (meta-LaZr,  F, , )  and  the  two  glass 
compositions  measured  show  endothermic  heats  of 
formation. 

Table  5  shows  the  enthalpies  of  vitrification,  i.e., 
the  enthalpy  differences  between  glass  and  corre¬ 
sponding  crystals  at  25°C  and  some  data  for  silicates 
are  included  for  comparison.  The  enthalpies  of  vitri¬ 
fication  for  fluorozirconates  are  strikingly  small, 
comparable,  on  a  gram-atom  basis,  to  the  values  for 
relatively  depolymerized  silicates  e.g.  K,Si03  t43]. 
The  enthalpies  of  formation  of  annealed  glasses  are 
slightly  more  exothermic  than  those  of  normally 
quenched  glasses.  This  indicates  that  further  struc¬ 
tural  relaxation  occurs  and  leads  to  a  lower-energy 
state  in  annealed  glass.  However,  this  effect  is  rela¬ 
tively  small,  only  0.1— 0.4  kJ/gatom  in  magnitude. 


4.  Discussion 

4.1.  Major  complexation  reactions 

It  is  clear  that  the  exothermic  enthalpies  of  mixing 
in  the  systems  ZrFj-BaF,  and  ZrF4-NaF  are  domi¬ 
nated  by  strong  acid-base  reactions  involving  the 
transfer  of  fluoride  ion  to  zirconium.  In  these  two 
binary  systems,  the  enthalpy  of  mixing  of  melts  and 
the  enthalpy  of  formation  of  crystals  show  minima  at 
the  same  compositions,  Ba^ZrFj  and  Na3ZrF7.  re¬ 
spectively,  indicating  the  stoichiometric  complexes 
ZrFg^-  and  ZrF^^".  Crystalline  Ba^ZrFg  has  a  struc¬ 
ture  built  of  isolated  ZrFj  polyhedra  [37],  while 
crystalline  Na3ZrF7  contains  isolated  ZrFj  polyhedra 
[38].  Indeed.  Zr  is  coordinated  by  seven  or  eight 
fluorine  atoms  in  all  solid  phases,  either  crystals  or 
glasses,  in  related  systems  [39-41].  Our  data  are 
consistent  with  the  energetics  being  dominated  in 
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melts,  glasses  and  crystals  by  these  same  complexes: 
ZrFg  and  ZrF^.  Although  the  minimum  of  enthalpies 
of  mixing  in  ZrF4-BaF2  could  not  be  measured 
directly  at  800°C  due  to  its  higher  melting  tempera¬ 
ture,  such  consistency  in  energetics  may  indicate  that 
the  enthalpy  of  mixing  behavior  is  effectively  inde¬ 
pendent  of  temperature.  This  is  intimately  associated 
with  the  mixing  mechanism  in  melts,  which  will  be 
discussed  in  the  next  section.  The  smaller  coordina¬ 
tion  number  for  the  molten  ZrF4-NaF  system  may 
reflect  the  need  of  smaller  countercations  to  mix 
with  the  smaller  anionic  complexes  for  proper  geo¬ 
metrical  packing  in  the  melt. 

For  the  reaction 

2BaF2  +  ZrF4  -  BaoZrFg 

the  enthalpy  is  about  160  kJ/mol  in  the  melts  at 
800®C  and  -  83  kJ /mol  for  crystals  at  25°C.  For  the 
reaction 

3NaF  +  ZrF4  =  Na3ZrF. 

the  enthalpy  is  about  — 134  kJ/mol  in  the  melts  at 
900°C  and  -52  kJ/mol  for  crystals  at  25''C.  The 
enthalpy  of  formation  in  the  solid  state  (crystals  from 
crystalline  end-members)  is  less  exothermic  than  that 
in  the  molten  state  (melts  from  molten  end-members). 
The  large  heat  of  fusion  of  ZrF4  is  mainly  responsi¬ 
ble  for  this  difference.  Since  crystalline  ZrF4  consists 
of  comer-shared  ZrFg  polyhedra.  the  large  heat  of 
fusion  represents  mainly  the  depolymerization  of 
such  polyhedra.  We  will  use  these  observations  be¬ 
low  to  argue  that  ZrF^-rich  melts,  including  molten 
ZrF4  itself,  contain  Zr  in  lower  coordination. 

Enthalpies  of  mixing  in  ZrF4-LaF3  melts  are  es¬ 
sentially  zero.  This  implies  that  no  strong  complexes 
are  formed  in  this  system.  This  is  seen  also  in  the 
positive  heats  of  formation  of  the  crystalline  com¬ 
pound  meta-LaZr2Fj,.  Although  its  structure  is  not 
known  in  detail,  it  probably  contains  considerable 
disorder  and  is  apparently  stabilized  by  entropy  rather 
than  enthalpy.  LaF3  is  a  Lewis  acid  which  forms 
complexes  iii  the  same  way  as  ZrF4.  Thus  there  can 
be  no  strong  acid-base  reactions  between  them. 
Molten  lanthanum  fluoride-alkali  fluoride  mixtures 
do  show  somewhat  exothermic  heats  of  mixing  at 
1087®C,  although  Hong  and  Kleppa  did  not  suggest 
that  LaF3  is  a  complex  former  [42]. 

The  barium  fluorozirconate  crystals  are  Ba2ZrFg 


with  isolated  ZrFg  polyhedra  [37],  P-BaZrF^  with 
chains  of  edge-sharing  ZrFg  polyhedra  [40]  and  P- 
BaZr2F,o  with  layers  of  ZrF7  units  [30].  The  amount 
of  Ba  participating  in  the  structures  decreases  in  that 
order,  as  does  the  amount  of  ionic  bonding.  The 
enthalpy  of  formation  becomes  less  exothermic  in 
this  series,  showing  that  the  ionic  interaction  of 
fluorozirconate  polyhedra  and  countercations  con¬ 
tributes  to  the  stability  of  the  crystal.  This  trend  is 
expected  in  ZrF4-NaF,  as  enthalpies  of  formation  of 
cr>'stals  also  become  less  exothermic  toward  ZrF4-rich 
compositions. 

The  solid-liquid  phase  diagrams  for  three  binary 
systems  have  been  studied  by  Grande  et  al.  [26-28]. 
The  binary  systems  ZrF4-BaF2  and  ZrF4-NaF  with 
strongly  negative  enthalpies  of  mixing  form  several 
crystalline  compounds.  We  have  noted  that  the  melts 
have  even  more  strongly  negative  heats  of  mixing 
than  the  heals  of  formation  of  these  crystals  and  this 
stabilization  of  the  melts  is  present  over  a  continu¬ 
ously  varying  composition  range.  The  result  is  that 
the  free  energy  of  mixing  in  the  melts  must  deviate 
strongly  from  ideality  (whatever  the  details  of  en¬ 
tropy  of  mixing)  and  this  deviation  is  more  pro¬ 
nounced  in  the  molten  state  than  that  in  the  solid 
slate.  The  consequence  is  a  significant  lowering  of 
the  free  energy  of  the  molten  state  relative  to  the 
mixture  of  crystals  which  would  form  at  intermediate 
compositions,  a  steep  depression  of  freezing  point 
curves  and  the  creation  of  deep  eutectics  between  the 
solid-state  compounds,  as  seen  in  the  experimental 
phase  diagrams  ZrF4-BaF2  and  ZrF4-NaF.  In  con¬ 
trast,  the  system  ZrF4-LaF3,  without  strong  com- 
plexation,  behaves  more  nearly  as  an  ideal  solution 
and  show's  a  much  gentler  freezing  point  depression. 

4.2.  A  structural  model  for  fluorozirconate  melts 

ZrF4-rich  compositions  have  less  fluoride  ions, 
dissociated  from  alkali  and  alkaline  earth  fluorides, 
available  to  form  ZrFg"  or  ZrF^^".  Data  in  the 
literature  suggest  that  anionic  complexes  would  be 
coordinated  by  fewer  fluoride  ions.  First,  in  Raman 
spectroscopic  studies  of  fluorozirconate  melts  by  Toth 
and  Boyd  [20,21],  several  crystalline  compounds  with 
different  coordination  number  of  F  about  Zr  were 
also  investigated.  They  found  that  the  occurrence  of 
anionic  complexes  can  be  inferred  from  frequency 
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shifts  and  concluded  that  the  coordination  number  of 
F  about  Zr  decreases  from  8  to  5  or  4  with  increasing 
ZrF,  content.  Second,  the  viscosities  decrease  from 
the  composition  0.5BaF,  •  0.5ZrF,  to  the  composition 
l/SBaFj  •  2/3ZrF,  in  the  binary  system  ZrF^-BaF, 
[12],  which  can  be  rationalized  if  the  size  of  anionic 
complexes  is  considered  as  an  important  factor  con¬ 
trolling  the  mobility.  Third,  since  a  decrease  in  coor¬ 
dination  number  of  anionic  complexes  towards  the 
ZrF4-rich  compositions  would  be  expected  to  lead  to 
a  less  exothermic  heat  of  mixing,  our  calorimetric 
data  also  support  this  argument. 

Zirconium  is  eight-coordinated  by  fluorine  in  solid 
ZrF4  and  a  considerably  lower  coordination  number 
in  the  molten  state  would  be  in  agreement  with  the 
large  entropy  of  fusion  and  the  large  enthalpy  of 
fusion  [28].  It  would  also  be  consistent  with  the  less 
exothermic  enthalpies  of  formation  of  crystals  than 
of  melts  as  discussed  above.  This  is  further  sup¬ 
ported  by  the  smaller  heat  capacities  of  melts  relate 
to  crystals  [33]  because  of  the  likely  increase  of  the 
Zr-F  bond  strength  with  lower  coordination  number. 
Thus  we  propose  ZrF^  as  the  low  coordination  num¬ 
ber  entity  in  the  molten  state  for  pure  ZrF,.  This  then 
provides  a  simple  model  for  molten  binary  fluorozir- 
conates  at  high  temperature.  For  the  system  ZrF4- 
BaFi,  anionic  complexes  can  be  formed  between 
ZrF,  and  F  and  their  average  coordination  number 
decreases  from  8  to  4  with  increasing  ZrF,  content. 
The  system  ZrF,— NaF  shows  a  similar  trend,  but  the 
maximum  coordination  number  of  F  about  Zr  for  an 
anionic  complex  is  7.  It  will  be  helpful  to  use  the 
following  examples  to  describe  this  model.  In  the 
system  ZrF,-BaF,,  1 /3BaF3  •  2/3ZrF,  is  the  best 
composition  for  glass  formation  and  its  speciation  is 

l/3(Ba^^-f2F-) -i-2/3ZrF4 

l/3Ba‘-^-H2/3ZrF5-. 

Speciation  for  the  composition  0.25BaF,  • 
O.TSZrF,  with  less  F~  available  is 

0.25(Ba^-"-f-  2F-)  -f  O.TSZrF, 

-»  0.25Ba-'^  +  0.5ZTFf  -I-  0.25ZrF,. 

Similarly,  the  reaction  for  mixing  0.5NaF  with 
0.5ZrF4  is 

0.5(Na'^-l-  F“)  -I-  O.SZrF,  0.5Na*  +  O.SZrFj" . 


The  last  two  reactions  have  O.SZrFj-  formed  and 
have  the  same  net  reactions; 

0.5F~  -h  O.SZrF,  O.SZrFj" . 

From  our  measurements,  the  enthalpies  of  mixing 
for  these  two  reactions  are  very  similar  (see  Table  2). 
This  supports  the  usefulness  of  this  structural  model 
for  molten  fluorozirconates  and  suggests  that  forma¬ 
tion  of  anionic  complexes  is  the  dominant  exother¬ 
mic  contribution.  Other  factors  may  influence  the 
mixing  mechanism  and  thermodynamic  properties  of 
those  melts,  such  as  the  interactions  between  anionic 
complexes  and  countercations  or  the  competition 
between  ZrF,  for  limited  F“.  However,  when  adding 
more  BaF^  or  NaF,  ZrF,  will  be  more  highly  coordi¬ 
nated  by  F  and  Zr-F  bond  formation  in  anionic 
complexes  will  dominate  the  energetics. 

The  ideas  above  concerning  complex  formation 
and  speciation  can  be  extended  to  multicomponent 
fluorozirconate  melts.  Enthalpies  of  mixing  of  molten 
binary  mixtures  of  AIF3  with  alkali  fluorides  were 
found  to  be  exothermic  and  the  result  was  interpreted 
in  terms  of  complex  formation  [44].  Therefore,  we 
assume  that  ZrF4,  LaFj  and  AIF3  are  anionic  com¬ 
plex  formers.  They  do  not  contribute  fluoride  ions  to 
raise  the  coordination  number  of  Zr  and  their  mixing 
energetics  with  each  other  are  not  strongly  exother¬ 
mic.  BaF,,  NaF  and  other  alkali  and  alkaline  earth 
fluorides  are  fully  ionized  in  the  melt.  Their  free 
fluoride  ions  become  coordinated  to  the  anionic 
complex  formers.  Their  enthalpies  of  mixing  with 
ZrF,  are  strongly  exothermic.  We  then  define  the 
average  coordination  number  of  Zr,  N,  as  four  plus 
the  number  of  free  fluoride  ions  available  per  anionic 
complex  former.  For  example,  for  the  composition 
l/SBaF,  •  2/3ZrF,,  which  is  the  best  glass-forming 
composition  in  that  binary  system,  ^  =  4  -I-  ( 1  /3  x 
2)/(2/3)  =  5  and  Zr  would  have  an  average  coordi¬ 
nation  number  of  five.  The  ZBLAN20  multicompo¬ 
nent  glass  [1 1],  the  best  glass-former  found  so  far  has 
the  composition  0.53ZrF4-0.20BaF3-0.04LaF,- 
0.03AlF3-0.20NaF.  It  has  (V  =  4-(-((0.20x  2)-l- 
0.20)/(0.53  -f-0.04-l-0.01)  =  5.  This  again  corre¬ 
sponds  to  an  average  of  five  fluorines  around  Zr.  For 
the  non-glass-forming  composition  Ba,ZrFg,  N  =  4 
+  (2  X  2)/l  =  8  and  for  NajZrF,,  AT  =  4  -I-  3/1  = 

7,  in  accord  with  the  expected  complexation  in  these 
melts. 


122 


/.-C  Lin  et  ai/ Journal  of  Non-Crystalline  Solids  215  (1997)  }  13-124 


O 

♦ 

O 

V 

A 

• 

□ 

m 


ZB 

ZN 

ZL 

ZBL 

ZBA 

ZBN 

ZBLA 

ZBLAN 


The  average  coordination  number  of  Zr.  N,  in  the  melt 


Fig.  2.  Enthalpy  of  mixing  of  melts  (from  molten  end-members  at 
high  temperature)  versus  the  average  coordination  number  of  Zr, 
A’,  in  the  melt. 


Fig.  2  shows  the  enthalpy  of  mixing  of  binaiy  and 
multicomponent  melts  as  a  function  of  the  average 
coordination  number  of  Zr,  N,  calculated  as  defined 
above.  The  enthalpy  of  mixing  becomes  more 
exothermic  with  increasing  average  coordination 
number  of  Zr.  The  generally  smooth  trend  for  all 
systems  suggests  that  the  complex-forming  reaction 
dominates  the  energetics.  With  the  same  average 
coordination  numbers,  substituting  NaF  for  BaF^ 
mainly  implies  that  a  smaller  amount  of  anionic 
complexes  are  foiped  in  melts,  reflecting  the  less 
exothermic  effects.  However,  we  do  not  have  enough 
data  to  investigate  further  the  differences  between 
cations  or  the  relative  affinities  of  Zr,  La  and  AI  for 
fluoride  ion  in  a  systematic  fashion. 

4.3.  Thermodynamic  factors  affecting  glass  forma¬ 
tion 

Fig.  3  shows  the  enthalpy  of  formation  of  glasses 
from  crystalline  fluorides  at  25°C  versus  N.  the 
average  coordination  of  Zr  in  the  melt,  as  defined 
above.  It  is  noteworthy  that,  in  multicomponent  as 
well  as  simple  systems,  the  glass-forming  composi¬ 
tions  are  concentrated  between  A  =  4.5  and  5.5.  A 
search  through  the  literature  also  confirms  that  the 
vast  majority  of  glass-forming  compositions  in  ZrF4- 
based  systems  fall  in  the  range  on  A  =  5.0  ±  0.5 
(One  exception  is  BaZrF^  glass  prepared  by  quench¬ 
ing  the  melt  rapidly  using  a  twin  roller  [24].)  In 


addition,  glass  formation  appears  more  favorable 
near  A^=5.0  and  the  empirically  derived  good 
glass-forming  compositions  appear  to  be  those  which 
can  maximize  the  concentration  of  ZrF5"  species. 
These  compositions  all  lie  in  the  region  dominated 
by  deep  eutectics  in  both  binary  and  multicomponent 
systems.  It  suggests  that  the  melt  near  N  =  5.0  is 
thermodynamically  more  stable  than  its  correspond¬ 
ing  cr}^stals  over  a  wide  temperature  interval,  and 
results  in  a  deep  eutectic.  The  presence  of  ZrF^"  in 
melts  has  been  verified  by  several  spectroscopic 
studies  [20-22], 

From  most  structural  studies  of  glasses  [5-8], 
zirconium  in  the  glassy  state  is  coordinated  by  7  or  8 
fluorine  atoms  through  sharing  some  of  them.  Our 
data  have  also  shown  that  ZrF7  and  ZrF^  are  energet¬ 
ically  favorable  species.  Thus,  the  glass-forming  melt 
must  undergo  considerable  restructuring  as  it  cools 
to  and  through  the  glass  transition.  However,  the 
binary  system  ZrF4-NaF  is  not  glass-forming  even 
near  A  =  5.0  where  it  has  a  deep  eutectic.  This 
implies  that  glass  formation  must  also  be  contributed 
by  kinetic  factors.  If  nucleation  and  crystallization 
require  fluctuations  extending  over  distances  some¬ 
what  greater  than  those  involved  in  structural  relax¬ 
ation  for  glass  formation  [13].  the  relatively  expected 
low  viscosity  of  the  melt  near  N  =  5. Q  at  deep 
eutectics  in  the  system  ZrF4-NaF  may  be  a  factor.  In 
other  words,  glass-forming  ability  is  initiated  by  the 
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Fig.  3.  Enthalpy  of  formation  of  glasses  from  cr>'.stalline  fluorides 
ai  25°C  versus  the  average  coordination  number  of  Zr,  N.  in  the 
melt. 
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formation  of  ZvFf  and  is  further  supported  by  the 
kinetic  factors  (e.g.  viscosity)  in  melts. 

What,  then,  is  the  role  of  the  minor  additives, 
LaF3  and  AIF3,  in  further  enhancing  glass  formation? 
The  arguments  above  and  correlations  in  Figs.  2  and 
3  suggest  that  energetic  stabilization  by  La  and  Al  is 
not  a  factor.  Rather,  these  complex  anions  add  to  the 
heterogeneity  and  diversity  of  local  structures  in  the 
melt  and  they  may  exert  a  kinetic  role  hindering 
nucleation.  This  general  observation,  namely  the 
glasses  form  more  easily  in  complex  systems,  is 
sometimes  called  the  ‘confusion  principle’  [2],  but  it 
is  hard  to  express  quantitatively.  The  system  ZrF4- 
LaF3  does  form  some  glasses,  under  rapid  quench 
conditions.  Because  no  stable  anionic  complexes  are 
formed  in  this  system,  the  reason  for  glass  formation 
must  be  different  from  those  in  the  rest  of  the 
ZBLAN  system.  As  the  melt  cools  into  the  vitreous 
state,  ZrF4  species  and  LaF3  species  must  both  be 
incorporated  into  the  glassy  structure,  probably  with 
an  increase  in  coordination  number  resulting  from 
linkages  of  adjacent  polyhedra.  However,  structural 
details  are  not  known. 

We  conclude  that  the  following  factors  favor  glass 
formation  in  fluorozirconate  systems:  (a)  the  thermo¬ 
dynamic  factors  near  deep  eutectics:  formation  of 
stable  anionic  complexes,  e.g.  ZrF5",  in  the  melts 
which  leads  to  deep  eutectics  and  major  structural 
changes  in  the  melt  on  cooling  and  (b)  the  confusion 
principle:  increasing  structural  diversity  in  the  melt 
by  adding  small  amounts  of  other  components,  NaF, 
LaF3  and  AIF3,  without  significantly  changing  the 
value  of  =  5.0, 

The  small  enthalpy  difference  between  glass  and 
crystal  (small  enthalpy  of  vitrification)  implies  some 
similarity  in  structures,  as  seen  in  a  similar  trend  of 
increasing  exothermicity  with  increasing  N  (i.e., 
increasing  alkali  or  alkaline  earth  fluoride  content)  in 
glass  and  crystal  (see  Figs.  1  and  3).  It  also  implies 
only  a  small  thermodynamic  driving  force  for  crys¬ 
tallization  of  the  glass  once  it  is  near  or  below  the 
glass  transition.  Although  these  traditional  considera¬ 
tions  relating  crystallization  or  nucleation  are  signifi¬ 
cant,  we  now  propose  that  the  thermodynamic  fac¬ 
tors  related  to  the  restructuring  are  also  very  impor¬ 
tant  for  glass  formation  in  fragile  liquids.  Further 
experimental  approaches  to  this  subject  are  proceed¬ 
ing. 


5.  Conclusion 

This  study  provides  improved  measurements  of 
enthalpies  of  mixing  of  fluorozirconate  melts  by 
transposed- temperature-drop  calorimetry  of  samples 
in  sealed  Au-capsules.  Enthalpies  of  formation  of 
glasses  and  crystals  have  been  investigated  for  the 
first  time.  A  structural  model  is  proposed  in  which 
glass-forming  melts  are  dominated  by  ZrFf  species. 
In  contrast  to  the  similarity  of  structures  between 
supercooled  liquids  and  glasses  near  the  glass  transi¬ 
tion,  there  are  significant  differences  in  structure 
between  melts  at  high  temperature  and  glasses. 
Therefore,  as  temperature  decreases  below  the  liq- 
uidus,  a  substantial  structural  change  must  occur. 
Such  restructuring  with  temperature  of  a  fragile  liq¬ 
uid  appears  intimately  linked  to  glass-forming  ability 
in  fluorozirconate  systems. 
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Kippelen  Figure  1.  Portion  of  an  Air  Force 
bar>target  imaged  through  nine  scattering 
mean  free  paths  using  low-coherence  holo¬ 
graphic  time-gating  in  a  photorefractive 
polymer  in  the  near-IR  (800  nm). 


beam.  The  light  can  be  provided  either  by  a  short-pulse 
or  low-coherence  laser  source  such  as  a  superluminescent 
laser  diode.  Filtering  is  achieved  by  adjusting  the  relative 
time  delay  between  the  object  and  the  reference  beams. 
The  information  carried  by  the  ballistic  light  is  then  re¬ 
constructed  by  reading  out  the  recorded  hologram  in  a 
four-wave  mixing  geometry. 

A  key  enabler  for  imaging  of  biological  tissues  using 
HTG,  is  the  availability  of  a  real-time  optical  recording 
material  with  high  resolution  and  high  sensitivity  in  the 
near-IR  spectrum,  where  biological  tissues  have  a  good 
transparency  (700-900  nm).  Due  to  their  high  efficien¬ 
cy  and  ability  to  be  easily  processed  into  large  area  films 
at  low  cost,  photorefractive  polymers  offer  a  lot  of  po¬ 
tential.  Recently,  by  using  (2,  4,  7-trinitro-9-fluorenyli- 
dene)  malonitrile  (TNFDM)  as  a  sensitizer,  we  were 
able  to  extend  the  spectral  sensitivity  of  previous  mate¬ 
rials  (633-690  nm)  to  the  near-IR  (830  nm).^’^  Poly¬ 
mer  composites  of  DHADC-MPN:PVK:  ECZrTNFDM 
with  a  diffraction  efficiency  of  X]  =  74%  at  a  field  of  E  = 
59  V/pm  at  830  nm,  were  developed,  and  imaging  by 
HTG  using  a  Ti:Sapphire  laser  in  either  the  pulsed  or 
cw  regime  was  demonstrated  (see  Fig.  1 ). 

Polymers  as  recording  materials  offer  a  number  of  ad¬ 
vantages  over  recording  media  used  previously  in  the 
near-IR:  They  are  faster  and  more  efficient  than  BaTi03 
cr\'stals“  and  they  have  a  higher  resolution  than  photore¬ 
fractive  semiconductor  multi-quantum  wells.^  Compared 
to  other  imaging  techniques,  this  method  potentially  of¬ 
fers  a  fast  acquisition  time  since  no  scanning,  computa¬ 
tion,  or  digital  processing  is  involved.  The  manufacturing 
cost  of  such  a  system  is  low,  because  it  uses  a  highly  effi¬ 
cient  photorefractive  polymer  with  low  cost  as  recording 
material  that  is  compatible  with  superluminescent  low- 
coherence  laser  diodes.  This  imaging  technique,  therefore, 
could  become  a  valuable  new  medical  diagnosis  tool. 
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COMMUNICATIONS 

Highly  Efficient  Luminescence  from 

Rare-earth-doped  Halides  Prepared  from 
Low  Temperature  Aqueous  Solutions 

John  Ballato,  Richard  E.  Riman,  and  Ellas  Snitzer,  Dept,  of 
Ceramic  &  Materials  Engineering,  Rutgers  Univ.,  Piscataway,  NJ. 

The  tremendous  growth  in  photonic  materials  and 
device  research  results  largely  from  the  explosion  in 
telecommunications,  including  the  traffic  requirements 
needed  for  the  Internet  and  future  interactive  video  and 
multimedia  services.  These  trends  have  motivated  a 
global  search  for  materials  suitable  for  optical  amplifica¬ 
tion  at  the  1.3^|im  zero  dispersion  wavelength,  which 
maximizes  the  information  carrying  capacity  of  silica 
fibers.  Praseodymium  (Pr^'*')  has  received  the  most  at¬ 
tention  as  a  dopant  for  gain  at  1.3  pm  and  has  reached 
some  level  of  commercialization*  despite  a  relatively  low 
quantum  yield  from  the  requisite  nonoxide  glass  hosts 
(-10  %).  Dysprosium  (Dy^"^)  has  also  attracted  recent 
interest  since  its  absorption  cross-section  is  larger  than 
Pr^"^  thus  lessening  the  requisite  amplifier  length.-  In 
both  cases,  maximizing  the  luminescence  efficiency  re¬ 
quires  hosts  with  low  phonon  energies.  Accordingly, 
we  considered  the  solution-synthesis  of  doped- 
lanthanum  halides  because  of  their  low  phonon  energy 
and  high  rare-earth  solubility.^'^ 

Lanthanum  halides  are  prepared  by  dissolving  hy¬ 
drated  LaClj  (and  PrCl^  or  DyCl3)  in  deionized  water, 
precipitating  La(OH)3  ^  solution  using  NH^OH, 
and  reactive  atmosphere  processing  in  an  alumina 
muffle-tube  furnace  with  an  anhydrous  halogenating 
gas  (i.e.,  hydrogen  fluoride  or  hydrogen  chloride).  Com¬ 
positions  and  phases  are  validated  using  X-ray  diffrac¬ 
tion  and  combustion  analyses.  Fluorescence  at  1.3  pm 
was  observed  for  the  first  time  from  aqueous  solution- 
derived  materials.  Luminescence  from  750  ppm 
Pr^'^-doped  LaF3  samples,  HF  treated  at  600°C,  decayed 
with  a  0.23-ms  lifetime  and  a  radiative  efficiency  of  8%, 
as  calculated  from  Judd-Ofelt  analysis."**  ^  The  emission 
possessed  a  3-dB  bandwidth  of  approximately  100  nm 
( 1280  ->  1380  nm)  making  it  of  interest  for  WDM  sys¬ 
tems.  Luminescence  at  1.3  pm  from  a  500  ppm 
Pr^'^-doped  LaCl3  sample  was  also  equally  broad-band 
(1290  ->  1400  nm)  with  lifetimes  for  the  200°C  chlori¬ 
nated  samples  on  the  order  of  1  ms,  with  a  slight  in¬ 
crease  to  1.3  ms  if  chlorination  occurs  at  400°C.  Radiative 
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efficiencies  of 
66%  and  72% 
are  measured, 
respectively,  for 
these  samples. 
Dy^  +  :LaCl3 
(500  ppm)  sam¬ 
ples  exhibited 
Wavelength  (nm)  relatively  nar¬ 

row  3-dB  emis¬ 
sion  bandwidths  of  50  nm  (1295  ->1345  nm)  (See  Fig.  1 ). 
Measured  lifetimes  of  1.11  ins  (200°C)  and  1.31  ms 
(400°C)  correspond  to  measured  efficiencies  of  66% 
and  78%,  respectively. 

The  spectroscopic  properties  of  these  hosts  are  com¬ 
parable,  if  not  better,  than  melt-grown,  ultra-pure 
single-crystal  analogs  verifying  the  ability  of  inexpensive 
and  low-temperature  solution-based  methodologies  to 
produce  low  phonon-energy  materials.  The  versatility, 
ease,  and  low  cost  of  this  solution  process  represents  a 
significant  advance  in  1.3  pm  fluorescent  materials  for 
both  optical  fiber  and  thin-film  amplifiers  for  planar  in¬ 
tegrated  photonics. 
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High-speed  Multi-wavelength  Photonic 
Switch 


N.A.  Riza,  CREOL  and  The  School  of  Optics,  Univ.  of  Central 
Florida,  Orlando,  FL. 

The  ability  to  rapidly  and  independently  switch  mul¬ 
tiple  wavelengths  in  a  light  beam  is  useful  for  both 
WDM  fiber-optic  communications  and  for  hardware 
compressed  photonic  signal  processing.  Key  features  for 
such  a  multi-wavelength  switch  include  microsecond 
domain  wavelength  switching  and  excellent  -50  dB 
optical  switching  isolation,  leading  to  rapidly  reconfig¬ 


ured  high  signal-to-noise  ratio  photonic  systems.  Previ¬ 
ously,  the  bulk  acousto-optic  tunable  filter  (AOTF)  was 
found  to  be  attractive  for  this  multi-wavelength  switch 
application  as  the  bulk  AOTF  can  operate  over  wide  op¬ 
tical  bandwidths  with  high  speeds  and  at  high  optical 
power  levels.  Recent  improvements  in  AOTF  device  de¬ 
signs  have  lowered  the  high  drive  power  requirements 
commonly  associated  with  bulk  AOTFs.^  In  addition, 
these  new  devices  show  spectral  resolutions  in  the  1-nm 
level  range,  indicating  possible  use  for  high  (>  32)  chan¬ 
nel  count  WDM  fiber  communications.  Nevertheless, 
one  debilitating  problem  associated  with  the  inherent 
operation  of  the  AOTF  is  its  finite  {e.g,,  95%)  diffraction 
efficiency  that  leads  to  its  low  and  undesirable  -20  dB 
level  type  optical  crosstalk  numbers. 

Recently,  we  proposed  a  dual-AOTF  based  multi¬ 
wavelength  switch  structure  that  solves  this  inherent 
AOTF  caused  low  crosstalk  problem,  hence  making  it 
possible  to  use  bulk-AOTF  devices  for  a  broad  range  of 
multi-wavelength  photonic  signal  processing  applica¬ 
tions.  Specifically,  a  new  high-speed  and  ultra-high 
crosstalk  suppression  multi-wavelength  add-drop  opti¬ 
cal  filter  structure  (see  Fig.  1)  is  demonstrated  using  two 
bulk  AOTFs."  Using  simple  spatial  blocks,  polarization 
optics,  and  orthogonal  set  drive  conditions  for  the 
AOTFs,  an  average  -47  dB  optical  suppression  is  mea¬ 
sured  for  the  unwanted  wavelengths  at  the  filter  output 
ports.  The  filter  is  tested  for  the  three  standard  red, 
green,  and  blue  visible  wavelengths,  and  demonstrates  a 
switching  time  of  0.65  ps  and  an  average  optical  loss  of 
5  dB.  Polarization  diversity  techniques  can  be  applied  to 
make  the  switch  in  Figure  1  insensitive  to  the  input  po¬ 
larization,  such  as  required  in  fiber-based  applications. 
Applications  for  this  switch  can  range  over  a  wide  opti¬ 
cal  spectrum,  with  optimized  designs  possible  for  both 
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Riza  n^ura  1.  The  proposed  suppressed  crosstalk  multi-wavelength 
filter/ switch  architecture  shown  as  a  drop  filter  in  a  1  x  2  switch  configu¬ 
ration  for  polarized  inputs.  R  =  90“  polarization  rotator.  Figure  also  shows 
the  drop  and  bypass  port  images  captured  using  a  video  camera.  The  im¬ 
ages  show  the  three  independent  R,  G,  B  colors  as  they  are  switched  to 
the  two  ports  in  our  experimental  filter. 
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SILVER  INTERDIFFUSION  INTO  GLASSES 
CONTAINIMG  ALKALI,  E.  A.  Bolden*;  VT  FEORC, 
Washington*  DC  20375,  (202)  767-9574; 

J.E,  Sheioy,  Alfred  university,  Alfred,  NY  14802, 
(607)  671-2470 

The  kinetice  of  the  interdiffuaion  of  eiivor  and  alkali 
Ions  wem  studied  with  recpoct  to  the  type  of  alkali 
present,  glass  composition,  and  the  temperature  of 
heat  treatment  Results  for  ^e  binary  glasses  sug¬ 
gest  that  the  sodium-silver  pair  optimizes  Interdlffu- 
$ion.  although  the  results  for  the  glasses  containing 
Lh  were  inconclusive  due  to  phase  separation.  In  the 
glasses  that  cx>ntaln  a  nigh  percentage  of  K^  the  sil¬ 
ver  Spontaneously  reduces  to  form  ^er  colloids. 
The  rate  of  exchange  Increases  with  Na*  content  of 
the  glass-  Increasing  heat  treatment  temperature  In¬ 
creases  the  tate  of  sHver^kall  Interdiffusion.  The 
ternary  alkali  galliosllicate  glasses  showed  that  the 
late  of  exchange  did  Increase  with  increasing  alkali 
content,  but  the  absorbance  due  to  the  silver  col' 
bids  was  not  as  high  as  the  binary  silicate  glasses. 
The  commercial  glasses  with  high  alkali  content  ex¬ 
changed  readHy  with  the  sliver.  The  presence  of 
phase  separation  In  some  of  the  commercial  glasses 
affects  the  exchange  of  the  silver  for  the  a^L  The 
rate  of  exchange  inoreaeee  for  the  commercial 
glasses  as  time  and  temperature  Increase. 
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I*3VilB  SMISSIOH  Atro  NULTIPHONON  RELAXATION 
PHEKOMEKA  IN  Pb0-Bl203-Ga203  GLASSES  DOPED 
WITH  RAM- EARTHS,  Yong  Gyu  Choi,  You  Song 
Kiro  and  Jong  Heo»,  Pohang  university  of 
science  and  Tecnnoiogy,  Penang^  Republic 
of  Korea,  +82-562-279-2x47 

Emissions  of  flourescence  from 

Pb0-Bi203-0a203  glasses  doped  with  Pr3r 
«nd  Dy3+  were  evaluated »  Modified 
iJudd'Ofelt  analysifi  was  applied  to  the 
Pr3+  -doped  glasses  in  order  to  obtain 
more  physically  meaningful  intensity 
parameters  and  radiative  characteristics. 
Emission  from  the  Pr3+  :  104  -->  3H5 
transition  in  the  glass  was  centered  at 
the  wavelength  of  1320  run.  Lifetime  of  the 
Pr3+  ?  1G4  level  was  SSYisec  with  the 
quantum  efficiency  of  9%.  Excited-state 
absorption  near  the  1.3Yim  emission  were 
comparable  to  those  in  fluoride  glasses. 
Hulbiphonon  relaxatiDn  rates  of  PbO- 
&i203-GA203  glassea  calculated  from  the 
lifetimes  were  eimilar  to  those  of 
fluoride  glasses  but  were  the  lowest  among 
oxide  glasses. 


BLtlE  UFO^fVERSlON  CHARACffiRZSTlCS  OF  THCTLIUM- 
DOPED  SILICA  FIBER  WTH  HZOH  fiERMAECA  CONTENT 

Tanshs^.  jj>.  FzPhasKa,  B.  Cdle,  E.  Sntezar. 
fiber  Opttc  Msbudals  Iteeeareh  Progsam,  tepsrtmient  of 
Ceramics^  Rutgezs  University,  Piscataway,  08855- 
0909,  enow  Faculty  of  IntBgrvbad  Studies,  KyeXe 
Univmdty,  Kyito  606-01,  Japan  481(75)753-6821, 
tmiBbeichaflLh.kyoto-u^jp 

Blue  upoenvezBten  cf  rm-<Nqwd 

fifUca  noer  with  Mgh  GeO^  ovitent  and  a  large  tfA 
wexe  IzivastigatBa  by  pumpiiig  with  b  tunablir  DCIi-dy« 
Ibmt.  Sbeong  blue  iiiittinftaeBxiQBs  at  and  -4$0niii 

were  obaerved,  which  are  due  t»  the  and 

^enidtinw,  iMApaotivsly.  The  osecitvtto  ^me¬ 
tre  and  tfie  pumping  power  depen.dennes  a£  the  intsn- 
sitY  iSbr  both  amiBslcns  abCMed  djtfeTient  fsatntes. 
IKozeovur.  thebe  sttectroampic  properties  changed  with 
changing  ghipur  length  fam  6Rt  to  0.3n.  The  peak 
wavdlangth  of  emission  at  the  fther  ends  also 
shifted  with  ftbar  lengths.  Tbese  spectroscopic  in¬ 
sults  were  cvpiadlxied  in  tsisis  cdf  the  excited 

state  abaorptiDn  mecboDisinEE  and  their  competing 
pmoisaes  for  these  tw^^-atsp  upoonvereions. 
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Lumuifiscaiit  184diavior  of  Sol«OaLD+riv#d  Pr^  aad 
doped  Lmthatauin  Halidex  for  1«3  pm  Optica] 
AtttpiificatiaB 


I  John  Ballato.  Richard  E.  Riman.  and  Eliai  Snitzer 

Rutgeis,  The  State  University  of  New  Jersey.  Fiber  Optic 
Materials  Research  Progrtm.  Brett  and  Bowser  Roads 
Piscataway,  NJ  0885S-0909 

Praseodymium-  and  dysprosium-doped  lanthanum  halide 
powders  were  synthesized  via  a  sol-gel/reactive  atmosphere 
approach  and  their  luminescent  properties  investigated 
experimentally  and  theoretically. .  Emission  at  J.3  Utti  was 
Observed  for  the  first  time  from  a  sol-gcl-dcrivcd  material. 
Radiative  lifetimes  on  the  order  of  0.23  msec  for  a  750  ppm 
Pr’'*-:LaF3  and  greater  than  1  msec  for  500  ppm  samples  ol 
Pr®*  and  Dy*^-LdCl3  were  measured  coaesponding  to 
quantum  efficiencies  of  approximately  8  %  for  Pr^*:LaF3.  34 
%  for  Pr^’^iLaClB,  and  78  %  Dy’+iLaCiB.  This  latter  value 
among  the  highest  quantum  efficiency  for  any  halide  optical 
material  measured  to  date.  The  spectroscopic  properties  oi 
these  aqucously-processed.  low-phonon  energy  hosts  are 
shown  to  be  ceHnpwable.  or  superior  to  conventlonally- 
prsparad,  tinglo-aiystiki  analogs.  Strategies  arc  discussed  tc 
minimize  concetn,  over  hydroscopicity  and  potentially  realize 
■  highly  efFicicnt  planar  and  optical  fiber  amplifiers  by  thi; 
aunexpensive  and  versatile  solution-based  approach 
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THB  ^MBDICTtON  OF  GLAS6-FOAMINO 
ABILITY.  connectivity  AND  ftIflIDITY 
PERCOLATION  IN  CHALCOGENIDE  GLASSES 
FROM  THE  PHYSICAL  PROPERTY  CHANGES 
ASaoCIATED  WITH  GLASS  TRANSITION, 
Udayan  Senapatl 

PhD  Student  at  ATew  York  State  CalUge  of  Ceramics, 
A^ed,  NY  14802,  USA 

ABSTRACT 

To  utid&rstmid  the  effects  of  averse 
coordination  iiumbar^  on  ^  las  6-^  forming 

capability,  connectivity  and  risidtty  percolation 
properties  such  as  thermal  expansion  coef^cient, 
molar  volume,  heat  capacity,  glass  transition 

lemperztarcs,  viscosity,  harness,  clastic  modulus, 
acoustic  aU«n\iatjoa  and  isotharmal  compressibility 

were  studied  as  a  function  of  o  in  chalcogenide 
glasses.  In  curly  eighties,  Phillips  proposed  the 
constraint  theory  for  covalent  glasses,  suggesting  that 
ideal  glass-forming  tonditiim  shonlil  occur  when 
number  of  oonStreinta  match  the  degrees  of  freedom. 
This  condition  is  satisfied  at  <i>  s  2.4  for  covalent 
glasses.  Most  of  the  earlier  ei^eriments,  in  this  field,  to 
support  PhUlips’  constraint  theoiy  of  an  existing 
peicolialon  threshold  ai  <r>  a  2,4  concontmied  on 
locating  extremum  behavior  either  in  glassy  stale 
properties  or  in  liquid  state  prtmrties  of  chakogenide 

glasses  and,  benoe,  were  fUtile.  ihe  present  wodc  shows 
lat  the  m  lAe jmbkm  of  pereotatian  Anskotd  is 
embodied  In  conjtgurattonai  cAangirr  associated  with 
glass  txansition. 
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NEOATIVE  PRESSURE  UPON  GLA^  TRANSITION, 
L  M.  Lancia*  and  K.A.  Landa.  LANCER  TECH,  INC., 
Graenabuta.  PA  15601,  tel.  412-62$-8007 

Relaxation  of  a  giassforming  liquid  is  aecompaniad  by 
tha  decraasei  in  volume  and  increase  in  entropy. 
Hence,  the  pressure  in  the  is  negative.  With 
the  decrease  of  temperature  in  the  intent!  Tf  >Tg>T«, 
the  time  of  relaxation  changes  monctonously,  while 
the  pressure  remains  negative-  T^,  ha  the  temperature 

below  which  the  level  of  the  heat  ftuetuBtiona  ^ 
density  doea  not  depend  on  temperature.  At  T^  (not  at 
Tg  I  ]  the  time  of  relaixadon  undergoes  an  abrupt 

change,  vwth  (a)  or  without  (b)  the  release  of  the  latent 
heat.  Freezing  of  relaxation  axT^  is,  by  its  nature,  a 

phase  transition  of  the  first  (a)  or  second  (b)  order. 

This  phase  transition  Is  one  of  the  forms  or  relaxation 
rather  than  its  alternative.  Negative  pressure 
COnOltlOf^s  a  rare  (though  experimentaliy  observed  in 
crystals)  feature  of  a  second  order  phase  transition 
which  is  chareciienetio  of  the  syatemo  ’'molt-glaea'^i 
the  phase  of  a  higher  eymmetry  (gbss)  Is  a  low- 
temperature  phase  compared  to  the  phase  of 
considerably  lower  symmetry  (meft).  This  feature 
explains  in  paiticuiar  the  unusual  dependence  of  the 
transition  temperature  on  the  rate  of  cooling. 


Evidence  c<  trensHiont  in  *lraQilit/  of  mixed  alkil  glastei 
P.F.  Graem.  KK  Brow+  end  J. J*  Hudgenet,  Chtmlcil  Engirteerin^,  The 

Unbereity  of  Te3ie$  et  Austin,  Austin,  tx,  +Sandli  Nwlonai  Latwratori  w, 
Albvj^uerqua,  NM,  #T»wib  InStiiimoni*,  Oalla«,  TX, 

The  transition  froni  'strong*  to  “fragile"  bohevtor  eidilbited  by  ^$s  melts 
is  accompanied  by  Increases  In  the  magnitude  of  the  heat  capacity  change. 
•CpCTg).  ai  ihs  caJorimatnc;  giaw  tr^nsfricin  tempentum,  Tg.  It  b  well 
dcMUjrrwntMl  that  this  trancltion  is  associated  with  the  hcressing 
configurational  degeneracy  of  more  ionic  (non-dlrectlonal)  character  of  the 
molecular  bondfrtg  as  the  ilkali  oxide  content  is  henased,  Our  studies  or 
a  mixea  aUcall  (U,  Na)  metaphvsi^rrato  syetem  In  wheh  the  total  mimber  of 
Na  and  lI  rwiiaifl  flxod  show  that  *Cp  exhibits  e  minimum  when  ^e 

number  of  the  U  ions  is  comparable  to  the  number  of  Ma  Ions.  This 
unir^lcipated  ebaemation  is  corroborated  by  an  independent  anaiyss  of 
the  viscoue  and  mechanical  raiaxations  ajOiibltad  by  thaav  giBasaa-  Our 
etucfies  will  be  discussed  in  terms  of  Adams-GIbbs  theoiy  and  of 
speotrosoopic  studies  of  the  molacular  structure  of  the  system. 

*Thl8  worfr  was  performed  at  Sandla  rational  Latwaionei  end  was  supportad 
by  tha  US  Daparlmam  o7  Energy  under  oonlricl  number  d£«ACo4-0$AL6300. 
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5(d-Gd  Synltaeriii  of  Rare-Ewrtb-Doped  Laottwnuoi 
Halides  For  Htgbly  Efflclent  1,3  {in  OpGcitl  AmpUflcadoii ; 

John  Ballno,*  Richard  E.  RIman,  and  Elias  Snlim  | 

1 

Rutgers.  The  State  University  of  Kew  Jersey,  Fiber  Optic 
Materiala  Rejtxtrvh  Program,  Deparmezit  of  Cerwruo  Science 
A  Engineering,  Bretl  and  Bowser  Roads,  Piacataway,  Ni 
08«55-WP 

*  ! 

Prataodytnium-  and  dysproduji^doped  lanthanum  halid^ 

powders  have  been  syntheciaed  via  a  tol-gel/reaeiiv« 
atmosphere  approach  and  their  luminescent  propertied 
evaluated  experiment^ly  and  theoretically.  Emission  at  ]  .3  pm 
was  observed  for  the  first  time  from  a  sol-gel-derived  maitrial| 
Measured  lifetimes  corresponded  to  radiativ'e  quanium 

efficiencies  of  approximately  8  %  for  Rr^^iLaFa,  4]  %  for 
Pt^^iLaClj  and  78  %  for  Dy^^iLACls.  The  spectroscopic 
properties  of  these  hosts  are  shown  to  be  comparable  to  melii 
grown  single-crystal  analogs  verifying  the  ability  of 
inexpensive  and  flexible  solution-based  methodologies  to 
produce  low  phonon-energy  materials. 
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Sol^Gel  S^iithcjis  Multicomponent  Pluortded  Ctosvi 


John  Bftllato/  Joel  PUwa»  Richard  E-  Riman,  and  EUas  Snitzer 
Rutgers,  The  State  Univewity  of  Kew  Jersey,  Fiber  Optic 
Marericis  i?eiec!rcJi  Program,  Brett  and  Bowsct  Roads, 
PiscaUway,  NJ  08855-0909 

The  sol-jcl  syittiwsis  of  heavy-metal  fluoride  glasses  is  of 
technoldgical  significance  owing  to  the  versatility,  case,  and 
‘low-cost  of  the  process.  Metal-organics  have  been  shown  to  be 
ineffective  precursors  to  the  realization  of  high-qualUy 
fluorides  due  to  the  inability'  to  fully  remove  carbonaceous 
species.  As  such,  metal-inorganic  precursors  have  been 
developed  which  do  attain  intrinsic  performance.  The  synthesis 
of  ZB  A  CZ1F4  -  BaF2  -  AIF3)  and  ZBLA  (ZrF^  -  BaFa  -  LaFj  - 
AIF3)  compositions  art  considered  in  tenhs  of  precursor 
choice  and  fluorinaiion  procedures.  Comparisons  to 
conventionally-prepared  analogs  are  made  with  respect  to 
optical  and  thermal  prt^crrics. 


NANOPOROUS  GLASSES  AS  SEPARATION 
MEMBRANES,  C.E.  bird*  and  Dr.  J.E.  Shelby.  New  York 
State  College  of  Ceramics  at  Alfred  University,  Alfred,  NY 
14802.(607)871-2120 


AltioJi  borosliieate  gladsee  have  a  large  oompocitionai 
region  of  phase  separation  consisting  of  a  silica  rich 
phase  and  a  borate  rich  phase.  The  glasses  can  be 
formed  with  interconnected  structures,  allowing  the 
borate  phase  to  be  leached  from  the  siSca  phase.  The 
porous  ^iica  glass  can  then  be  consolidated  to  decrease 
the  «ze  of  the  pores  which  causes  different  gas 
permeability  rates  through  the  glass.  The  glass  is 
consolidated  such  that  gases  of  different  sizes  can  be 
separated.  The  scale  of  the  phase  separation  is 
determined  In  pan  by  the  identity  of  the  alkali  ion  in  the 
original  glass  composition.  For  this  study,  mixed  eiheS 
boroeillcate  glaeeee  were  used  to  vary  the  scale  of  phase 
eeparation  and  the  consolidation  b^avior.  Glasses  of 
eompositicin  x  U2O  (7-x>  Na^O  23  BgOs  70  SiOs  and 
X  Li^  (10-x)  Na^  20  BgOa  70  SiOg  were  studied. 
Resuks  wB  be  discussed  in  terms  cl  glass  composition, 
gas  Separation  ratios,  percent  porosity,  pore  size 
rflstrltxition  and  surface  area. 
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FLUORH^E  fibers  by  SCfl--GEL  CCWB  DBPOSITIOH  C,  1 
Haines’*,  J.  B^ato,  ILE.  Rinmn,  Fibex  Optic*  Materials 
ResMoch  Program^  Rutgers,  Tha  State  University,  Piscatauay, 
HJ  08855-0909 

The  9cl-ge1  synthesis  of  heavy  meta!  fluorides  has  been 
shown  to  be  an  eff^ve  method  for  produewfe  amorphous, 
high  purity  tnaterialt  at  a  greatly  reduced  cost  in  ocunparison  to 
conventional  tnelt-quench  methdds.  Existing  method  for  the 
synthesis  oif  pcwdet  and  monnlithic  sol-gel  derived  fluorides 
v^iere  extended  to  the  fabrication  of  sin^e  mode  oprical  fibers. 
Tubular  prefomu  were  rotational  castedL  intemally  coated  mth 
sd*  conrisring  of  hydrous  Zr.  Ba,  LOv  and  Al,  fluorinated  with 
anhydrous  HF,  and  drawn  into  fiber.  Typical  draw  conditions 
resulted  in  undesirable  asymmetric  com  in  the  fiber.  The  rdes 
of  sol-gel  and  fiber  draw  processing  vgrial^es  will  be  discussed 
with  respect  to  how  they  influence  the  characteristics  of  the 
fiber  core. 
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INFRARED  TRANSMimNO  GLASS^^fiRAMlCS,  B.  B. 
HxrbiMK*,  S.  S.  Bxyya.  J.  8.  SangiMn.  and  I.  D. 
Aggaiwtf,  Navai  Rcseaitih  Ubs,  Code  5603, 
WasHn^n,  DO.  20376 

GaHogaimanate  tfastaa  have  b»en  oeramfrad  to 
produee  greater  physical  and  meonanicei  pivpertie* 
while  nwintakning  high  tranamieidon  in  the  8-6  mnon 
wavebngth  region.  Pfopeitiee  inehidlno  njpture 
atrengtii,  fracture  toughness,  hsudiwas,  Ymiitg's 
ntoddus  and  chentieal  dur^Iity  are  gretifly  tinbkhoed 
by  the  oeramlaatton  process.  Thieugh  esrafui 
nudeation  and  crystal  groMh  heattrsatmena,  these 
ciasis.oeramics  oontah  oiyetals  <600  nm  In  sba  which 
dooe  not  impede  fransnileBlon  in  the  near  Infrered. 
Gaiogermanaie  giass-oeiatnice  can  be  mamilactured  at 
a  iraonan  of  the  cost  of  competing  nsHertats.  These 

maieiiali  eanfind  potantiei  appioeiione  in  iitiasBe 

domaa.  mtdwave  IR  windews  on  deferae  and  civilian 
Airaa^  niniiy  veNeiM  and  autcmioblw 


